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ABSTRACT 
 
 Animal fat is an essential ingredient in processed meats as it provides unique 
organoleptic properties which are characteristic of these products.  That being said, further-
processed meat products could become more beneficial to consumer health if highly-
saturated animal fat is replaced with unsaturated vegetable oils.  Oleogels, gels with oil as the 
liquid phase, have the potential to produce comminuted meat products similar in organoleptic 
properties to conventional products, but with an alternative set of health benefits as a result of 
increased unsaturated fatty acids.  The objective of this study was to demonstrate the impact 
that rice bran wax/soybean oil oleogel as a pork fat replacement has on the shelf-life stability 
and organoleptic properties of frankfurters.   
Five frankfurter treatments were produced using the following lipid replacements or 
strategies: 1) pork back fat (PF); 2) soybean oil (SBO); 3) oleogel made with soybean oil and 
2.5% rice bran wax (2.5 RBW); 4) oleogel made with soybean oil and 10% rice bran wax 
(101RBW); and 5) oleogel made with soybean oil and 2.5% rice bran wax added later in the 
chopping step of the frankfurter batter (RBW/LS).  Replacing pork fat with oleogels did not 
influence emulsion stability or cook/chill yield of the frankfurters.  Color analysis revealed 
PF to be significantly darker (P < 0.05) than SBO, 2.5 RBW, and 10 RBW, and significantly 
(P < 0.05) redder than all other treatments.  Texture analysis revealed PF, 2.5 RBW, 
10lRBW, and RBW/LS to be similar in firmness and springiness, but SBO was significantly 
(P < 0.05) different from PF in these attributes.  Incisor texture probe revealed PF to require 
significantly (P < 0.05) less force to puncture than all other treatments.  Additionally, sensory 
evaluation revealed that replacing pork fat did not influence cured frank aroma, but cured 
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frank flavor was significantly (P < 0.05) reduced in all treatments which replaced pork fat.  
Furthermore, lipid oxidation significantly (P < 0.05) differed between PF and 10 RBW, but 
not between any other treatments.  Microstructure data revealed that PF and 10 RBW both 
had a greater proportion of fat globules larger than 100 μm2 when compared to all other 
treatments, possibly indicating the stronger oleogel was able to stay intact during frankfurter 
processing.  In conclusion, oleogels produced with rice bran wax and soybean oil have 
potential to produce frankfurters with similar technological quality, texture characteristics, 
color values, lipid oxidation, and microstructure features as those made with pork fat.
1 
CHAPTER I 
GENERAL INTRODUCTION 
 
Processed meat is a broad term that includes a wide variety of different products: 
ground beef, enhanced loins, frankfurters, bologna, luncheon meats, etc.  The one key factor 
that unifies these products is the ubiquitous use of animal fat to provide acceptable texture, 
palatability, and flavor.  Pork fat is a popular fat amongst meat processors because of its 
availability, technological quality, and cost.  However, in recent years the quality and 
quantity of pork fat has diminished.  Reduced processing yields, more smearing on the 
equipment, reduced saturation of the lipids, and changes in final product texture are all 
manifestations of reduced pork fat quality.  Pork fat is becoming more scarce as advances in 
diet, genetics, and husbandry drive commercial swine to be leaner and heavier-muscled.  
Getting more adipose tissue on pigs is inefficient and expensive for producers, and there is no 
incentive to do so since the economic value of the hog is increased based on trimness and 
muscling.   
Moreover, processed meats do not have a reputation for being a healthy food choice.  
Many consumers consider processed meats to contain exorbitant amounts of sodium, 
carcinogens, and highly-saturated animal fat.  Saturated fat concerns consumers because of 
its negative association with heart disease and obesity.   Although saturated fat is not 
detrimental to human health as once believed, there is a growing body of literature speaking 
to the health benefits of consuming more unsaturated fatty acids.  One of the biggest benefits 
is the reduction of risk for cardiovascular disease as a result of unsaturated fat consumption.  
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The depletion of quality animal fat and the growing concern with consumption of saturated 
fat by consumers necessitates a replacement for pork fat in processed meats products. 
 One novel alternative to pork fat are oleogels.  Oleogels are gels produced from liquid 
oil and a structuring agent.  There are several different structuring agents that have been used 
to form a gel with oil, one of which is rice bran wax.  Rice bran wax is already used in the 
commercial food industry and as little as 1% wt/wt concentration in oil can create a gel.  The 
liquid oil used can be any vegetable oil, and the use of vegetable oil provides a pork fat 
replacement which is higher in unsaturated fatty acids.  Acceptable meat products have been 
produced using oil as an animal fat replacement.  Therefore, in order to make it justifiable 
economically to gel the oil prior to use in meat, the use of oleogels in a meat system must 
have at least the same technological qualities compared to fat-in-meat systems, and must 
have improved sensory attributes compared to oil-in-meat systems.   
We hypothesize that oleogels produced with rice bran wax and soybean oil as a pork 
fat replacement will produce frankfurters with acceptable color, oxidative stability, texture, 
and sensory attributes throughout shelf-life.  The objective of this study was to demonstrate 
the impact that rice bran wax oleogel as a pork fat replacement has on the shelf stability and 
organoleptic properties of further-processed meat products.  If successful, utilization of 
oleogels in comminuted meat products could result in nutritional benefits and improved 
sensory characteristics that previous fat substitutes have been unable to achieve.   
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CHAPTER II 
REVIEW OF THE LITERATURE 
 
Introduction 
 Fats and oils, generally referred to as lipids, are a very nuanced component of the 
diet.  They are often associated with obesity, but many are nutritious and some are even 
required in a healthy diet.  Consumers crudely divide lipids into two groups: healthy oils and 
unhealthy fats.  Although this is an overly simplistic view of dietary lipids, there are some 
merits in increasing the consumption of oils.  Oils, when compared to fats, contain higher 
amounts of unsaturated fatty acids (UFAs), which are well established as having positive 
impacts on cardiovascular health (Dyerberg et al., 2004).  They may also be better than 
saturated fatty acids (SFAs) at curbing appetite (Maljaars, Romeyn, Haddeman, Peters, & 
Masclee, 2009) and reducing inflammation (Han et al., 2002). 
 Unfortunately for meat processors, animal fat, which is the traditional source of lipid 
in processed meat products, is abundant in SFAs.  SFAs are what allow animal fats to be 
solid, which is necessary to make a product with acceptable processing characteristics and 
conventional final product quality.  Because of the increase in health-conscious consumers 
and the subsequent focus on increasing UFAs in the diet, there has been interest in replacing 
animal fat in processed meat products.  Oils, which are traditionally of plant origin, are 
abundant in UFAs and can introduce alternative health benefits as an animal fat replacement.  
Nevertheless, replacing animal fat is a delicate process, as it can lead to changes in 
processing ease, texture, juiciness, flavor, and color of the product.   
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Basic Lipid Chemistry 
 
Saturated and unsaturated fatty acids 
The lipid family of molecules is a collection of organic substances which relate in 
their ability to dissolve in organic solvents and are immiscible in water and other polar 
compounds.  Categories of lipids include neutral lipids, phospholipids, sterols, and fatty acid 
derivatives.  One of these categories, neutral lipids, which includes triacylglycerides (TAGs), 
is the most prevalent lipid in food and in human diets.  TAGs are composed of fatty acids, 
and the number and nature of the carbon bonds within the individual fatty acids determine 
the lipid macrostructure (Saadi, Ariffin, Ghazali, Miskander, Boo, & Abdulkarim, 2012).  If 
there is no double bond in the carbon chain of the fatty acid, then it is classified as a saturated 
fatty acid (SFA), and if there is at least one carbon-carbon double bond, then it is an 
unsaturated fatty acid (UFA).  UFAs can be further classified depending on the presence of 
one double bond, such as monounsaturated fatty acids (MUFAs), or multiple double bonds, 
such as polyunsaturated fatty acids (PUFAs) (Akoh & Min, 2002).  Overall, lipids are a 
diverse group of molecules that play by their own chemical rules. 
The nature of the carbon bonds within a fatty acid chain influences its intermolecular 
interactions.  If the geometric conformation of a double bond in an UFA is cis, this causes the 
chain of carbons to kink, whereas trans geometric conformations of carbon-carbon double 
bonds maintain a more linear-shaped chain.  UFAs with trans double bonds are given the 
name trans fatty acids (TFAs).  SFAs, on the other hand, have no double bonds, and the 
carbon chain remains straight to avoid steric hindrance.    
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The physical properties of lipids are determined by their ability to make 
intermolecular interactions.  Intermolecular interactions can include dipolar interactions, 
hydrogen bonding, and van der Waals interactions, all of which are a manifestation of 
electron location and charge interaction.  The intermolecular interaction of most interest 
when working with lipids is the lattermost:  the van der Waals interactions.  Lipids are non-
polar, so attraction and repulsion between molecules is a function of fleeting moments of 
unequal electron distribution which cause momentary polarizations.  The linear shapes of 
TFAs and SFAs allow the molecules to stack closely together for these fleeting polarized 
interactions to take place, whereas the kinks in the UFAs hinder the interactions of the fatty 
acid chains.  The ability to capitalize on these glancing moments of polarization helps 
explain why lipids abundant in UFAs are liquid at room temperature (oils) and those 
abundant in SFA or TFAs are solid at room temperature (fats) (Chevreul, 2009).   
 
Waxes 
Waxes are a general class of lipids that have long chains of non-polar constituents.  
Wax molecules are characterized by the presence of an ester bond between a long chain acid 
and a long chain alcohol.  Waxes can be of natural or synthetic origin and can be derived 
from plant, animal, and mineral sources.  Caranauba, ouricuri, and candelilla wax are the 
main sources of plant waxes in the diet (Akoh & Min, 2002).  Another dietary source of plant 
wax is rice bran wax, which is purified from rice bran.  In the United States, rice bran wax is 
permissible in certain foods: up to 50 ppm in candy as a coating, on fresh fruits and 
vegetables as a protective barrier, and up to 2.5% in chewing gum as a plasticizer.  Rice bran 
6 
wax is a very hard lipid which has a melting point of 75°C–80°C, a maximum iodine value of 
20, and a saponification number of 75–120 mg KOH/g (CFR, 2016).   
 
Lipid oxidation 
Lipid oxidation is a chemical reaction that begins with the extraction of a proton from 
a carbon in a fatty acid chain.  The extraction of a proton results in a free radical on the fatty 
acid chain, which perpetuates the formation of free radicals and oxidation byproducts 
(Jacobsen, 1999).  Due to the presence of double bonds in their hydrocarbon chains, UFAs 
are more susceptible to hydrogen extraction and eventual lipid oxidation.  It is well 
established that the presence of more UFAs is related to an increased rate of lipid oxidation 
(McClelland, Rentfrow, Cromwell, Lindemann, & Azain, 2012; Morais et al., 2013).  
Oxidation of lipids can cause food to become organoleptically displeasing to the 
consumer.  The byproducts of lipid oxidation include ketones, aldehydes, free radicals, and 
alcohols, all of which produce less acceptable or unacceptable flavors and odors (Jacobsen, 
1999; Böttcher, Steinhäuser, & Drusch, 2015), as well as health-compromising implications 
(Kanner, 2007).   
 
Lipids in the Diet 
 
USDA recommendations for lipid intake 
Lipids are important macronutrients with crucial biological roles.  As such, the United 
States Department of Health and Human Services (USHHS) and the United States 
Department of Agriculture (USDA) have specific recommendations for lipid intake, which 
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are found in the 2015-2020 Dietary Guidelines for Americans (USHHS & USDA, 2015).  
The guidelines recommend that no more than 30% of caloric intake should derive from fats 
and oils, with no more than one-third of those lipid calories being from saturated fats.  There 
are also specific recommendations for the essential fatty acids, linoleic (18:2) and linolenic 
(18:3), because these fatty acids are necessary as precursors for biological molecules and 
must be provided in the diet.  The recommendation for adult males is to consume at least 16 
g of linoleic acid and 1.6 g of linolenic acid daily, and the recommendation for adult females 
is slightly reduced, 12 g of linoleic acid and 1.1 g of linolenic acid (USHHS & USDA, 2015).  
In order to achieve the objective of increasing the intake of UFAs with a focus on essential 
fatty acids, the Dietary Guidelines for Americans suggests a shift in the diet from consuming 
fats to consuming more oils. Overall, it is ill-advised and nearly impossible to exclude fats 
and oils from the diet. 
 
Sources of dietary lipids 
 Dietary lipids are usually in the form of TAGs and are almost exclusively derived 
from plants or animals.  The quantity and characteristics of animal fats can vary depending 
on species and husbandry practices, and the characteristics of plant oils can vary depending 
on species and genetics of the plant.   
 Ruminant animals, such as goat, sheep, cattle, and deer, have adipose tissue that is 
high in SFAs because ruminants have the unique characteristic of ruminal hydrogenation.  
The microflora of the rumen digests dietary fats and produces volatile fatty acids, which are 
then assembled into saturated fats in the liver for adipocyte storage (Or-Rashid, AlZahal, 
McBride, 2011).  This makes ruminant-derived fat much more saturated than that of 
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monogastric species.  Grass-finished ruminants are believed to have a more desirable fatty 
acid profile due to differences in the diet, but the degradation and reconstruction of fatty 
acids prevents meaningful differences in fatty acid profiles between grass-finished and corn-
finished animals.  The quantity of fat in ruminant animals is dependent on age, breed, and 
feeding stage. Beef fat is approximately 52% saturated and 48% unsaturated, with an iodine 
value (IV) of 44.6 (Babji et al., 1998). 
 Fat content in poultry species is scarcely considered.  This could be due to batch-like 
husbandry.  Birds are not selected for slaughter based on a finishing weight or fat cover, but 
instead a whole rearing house is collected for harvest based on age.  This means little 
consideration goes into selecting birds based on composition.  Furthermore, poultry is used 
primarily for further-processed products or as a source of lean meat, so palatability and high 
fat content is not as important as it is in red meat species.  Additionally, chickens have a short 
generation time, and only a few companies own a majority of the flocks, which allows for 
speedy genetic modulations and for most commercial chickens to become high-muscle and 
low-fat carcasses.  This has contributed to chicken fat not being considered as much of a 
dietary concern.  Because of the monogastric nature of poultry, the little fat that is present on 
chicken carcasses and primal cuts mimics the dietary fat consumed by the bird during life 
(Bača et al., 2014).   
 Pork fat is highly variable in quantity and quality.  In recent years, the industry has 
done well in creating lean, heavy-muscled hogs.  This pattern could be a result of marketing 
contracts, improvement in genetics, changes in diet, and the use of growth aids (Martinez & 
Zering, 2004).   Because pigs are monogastric, fatty acids which are deposited in the 
adipocyte for storage mirror the fatty acids that are present in the diet of the animal.  The 
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fatty acid composition of pork fat has been closely monitored because pork bellies, which are 
used to make bacon, are primals with a high fat content that make up a great portion of the 
carcass value.  Pork bellies become softer and more oily because of the increase in 
unsaturated fatty acids in the diet of the animal (Li, Wang, Lin, Lu, & Yao, 2012).  This 
change in fatty acid profile of pork can be attributed in part to the use of dried distillers’ 
grains with solubles (DDGS) in the diet (Asmus et al., 2014; Baer & Dilger, 2014).  Other 
modern husbandry practices, such as immunological castration, may contribute to the 
increase in UFAs in pork fat.  Immunological castration, when compared to physical 
castration, has shown to impact fatty acid profile of pigs by increasing the amount of 
unsaturation (Asmus et al., 2014).  
 Another source of dietary lipid is phytogenic lipid, fats and oils of plant origin.  Oils 
are mostly derived from plant sources and are typically more unsaturated than zoogenic fats.  
According to the USDA National Nutrient Database for Standard Reference (USDA, 2016), 
soybean oil is approximately 15% saturated, 27% monounsaturated, and 58% 
polyunsaturated fats, whereas an animal derived fat such as lard is approximately 39% 
saturated fat, 45% monounsaturated fat, and 11% polyunsaturated fat.  While the degree of 
unsaturation between oils of different plants is a result of natural variation between species, it 
has been shown that genetic manipulation can be effective in changing the fatty acid profile 
of phytogenic oils (La et al., 2014). 
 
Importance and biological impact of dietary fats and oils 
 For several decades, dietary lipids have been besmirched as the source of health 
problems and the growing obesity epidemic.  As a consequence, low-fat diets are frequently 
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prescribed as solutions for weight loss and a heart-healthy diet.  Fortunately, the idea that fat 
in the diet is not only acceptable, but also beneficial, is growing in popularity.  Despite the 
growing attractiveness of full-fat and high-fat diets, consumers must be aware that when it 
comes to improving cardiovascular health, plasma cholesterol, satiety, immune response, and 
exercise performance, some types of lipids may be better than others. 
 
Cardiovascular Health 
Although reducing fat intake used to be considered as a key component of a heart-
healthy diet, modern research has shown that dietary fats and oils have the potential to help 
cardiovascular health.  Cardiovascular disease is a culmination of many biological factors, 
and many different markers are used to track its risk and severity.  Some of these markers 
include plasma cholesterol, blood triglycerides, and blood pressure.  Dietary consumption of 
lipids may impact these markers, and thus perpetuate or attenuate the risk of cardiovascular 
disease (Grundy & Ahrens, 1970; Mozaffarian, Abdollahi, Campos, Houshiarrad, & Willet, 
2007; Schonfeld et al., 1982).  Saturated fats may be considered neutral to cardiovascular 
health, and polyunsaturated fatty acids may improve biomarkers for cardiovascular ailment.  
This is illustrated by an observational survey study where 84,628 women from 1980–2010 
and 42,908 men from 1986–2010 were assessed with a semi-quantitative food frequency 
questionnaire at four-year intervals.   This study showed that increased PUFA consumption 
was associated with decreased risk of coronary heart disease, but the opposite was true for 
TFA consumption.  However, SFAs and MUFAs were not shown to be associated with risk 
of cardiovascular disease positively or negatively (Li et al., 2015).  
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Dyerberg et al. (2004) performed a double-blind 8-week dietary intervention study 
that included 87 healthy male subjects who consumed bakery goods thrice daily in addition 
to their typical diet.  The baked goods contained 20 g of TFAs, 4 g of omega-3 PUFAs, or 21 
g of SFAs.  Fat intake increased as a result of treatments, but caloric content remained the 
same.  Omega-3 PUFA consumption decreased blood pressure after eight weeks, unlike the 
TFA-enriched diet or the SFA-enriched diet.  Moreover, n-3 PUFA supplementation 
decreased blood triglycerides, whereas the other two treatments left it unchanged.  In another 
study, Han et al. (2002) found that the type of dietary fat consumed was shown to be 
ineffectual at changing blood triglycerides.  
 Vafeiadou et al. (2015), in a controlled randomized, single-blind 16-week study, 
replaced saturated fat in the diet of 195 English men and women who were at moderate risk 
for cardiovascular disease.  Saturated fat was replaced with MUFAs or n-6 PUFAs.   Subjects 
consuming saturated fat had higher systolic blood pressure at night and higher 24-hour 
diastolic blood pressure, whereas blood pressure was reduced in the subjects consuming 
MUFAs. This increase in blood pressure of subjects consuming saturated fat may disagree 
with other studies because the consumption of TFAs was also higher in the saturated fat diet 
that was fed to subjects.   
 A low-fat diet may have once been recommended to patients at risk of cardiovascular 
disease, but if type of fat is monitored and there is an emphasis on unsaturated fats, then 
dietary lipid actually has the potential to reduce the risk of cardiovascular disease. 
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Cholesterol 
Cholesterol is another lipid which is consumed in the diet and has important 
physiological roles.  Its many roles include acting as a precursor to hormones, helping with 
cell membrane fluidity, and being a constituent in bile.  It is also important in vitamin D 
synthesis (Bogh, Schmedes, Philipsen, Theiden, & Wulf, 2010).  Cholesterol has 
physiological merit, but elevated plasma cholesterol levels have been linked to risk of 
cardiovascular disease (Barter et al., 2007).  Total plasma cholesterol is divided into different 
types, which have different implications on cardiovascular health.  Because cholesterol is 
apolar, it requires a lipoprotein to transport it through the aqueous blood. Cholesterol types 
are classified according to the density of that lipoprotein.  Low-density lipoprotein (LDL) is 
more likely to get trapped in arteries and form plaque, whereas high-density lipoprotein 
(HDL) is associated with the transport of cholesterol back to the liver for secretion.  Different 
types of plasma cholesterol have different health implications, and the amount of plasma 
cholesterol is influenced by many factors. 
It has been commonly believed that dietary intake of fat and cholesterol have an 
impact on plasma cholesterol levels, but observational studies have shown other factors to be 
of more importance.  Observational data of the U.S. population showed that cholesterol 
levels have decreased in the population between the years 1988–1994 and 2007–2008 (Ford 
& Capewell, 2013). This study determined that the decrease was largely attributed to 
cholesterol-reducing drugs, whereas different intakes of dietary fat had little effects on 
cholesterol levels.  When comparing the time points, very few differences in the consumption 
of total fat, SFA, and PUFAs were observed, so it would be unlikely they are the cause of 
decrease in total cholesterol and LDL cholesterol in the United States.  Furthermore, dietary 
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cholesterol has increased between these times, lending support to the idea that dietary 
cholesterol has little influence on plasma cholesterol values.   
Experimental studies agree with observational data that consumption of dietary fat or 
dietary cholesterol does not negatively influence plasma cholesterol, as long as synthetic 
TFAs are avoided.  Clifton, Kestin, Abbey, Drysdale, & Nestel (1990) found, in a double-
blind 4-week study which involved hypercholesterolemic and normal individuals, no 
differences in total cholesterol, LDL cholesterol, HDL cholesterol, very-low density 
lipoprotein (VLDL) cholesterol, or plasma triglycerides after daily diet supplementation with 
5 g of SFA and 700 mg of egg yolk cholesterol.  In another study, human participants were 
fed soybean oil, margarine produced from hydrogenated soybean oil, or butter.  The 
hydrogenated soy oil diet resulted in the highest VLDL cholesterol and the lowest HDL 
cholesterol.  Soybean oil resulted in the lowest LDL cholesterol and total cholesterol values 
when compared to either the butter or the margarine groups (Han et al., 2002).  Dyerberg et 
al. (2004) showed TFAs to be detrimental and SFAs to be neutral to cardiovascular health. In 
this double-blind study, where subjects consumed nearly 20 g of either supplemental TFAs or 
SFAs daily, diets supplemented with TFAs showed decreased HDL cholesterol, while SFA 
supplementation left total cholesterol and LDL:HDL cholesterol ratio unchanged.  Wood et 
al. (2011) showed SFA to be beneficial by lowering VLDL cholesterol and blood 
triglycerides.  Vafeiadou et al. (2015) found that switching dietary fat from predominantly 
SFAs to mostly MUFAs decreased total cholesterol by 8.4%, and switching to n-6 PUFAs 
showed an even greater decrease of 9.2%.   
The mechanisms controlling plasma cholesterol are complex.  Lifestyle, genetics, and 
gender are other considerations when trying to reduce plasma cholesterol.  For instance, 
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smoking has been shown to be a source of acrolein, which binds to HDL and prevents it from 
transporting cholesterol back to the liver for secretion (Chadwick et al., 2015).  Gender can 
also play a role in plasma cholesterol levels, as diet-induced changes in cholesterol have 
shown to affect men and women differently (Li et al., 2003).  Another factor that can affect 
plasma cholesterol is genetic predisposition.  Genetic differences in laboratory opossum 
affected plasma cholesterol responses to dietary cholesterol and fat (Kushwaha, VandeBerg, 
& VandeBerg, 2004).   
Although some may try to reduce dietary lipid consumption because of concerns with 
increased plasma cholesterol levels and, consequently, cardiovascular disease, there is very 
little modern research that draws a negative connection between dietary fat consumption and 
plasma cholesterol values.  In fact, in many cases increasing dietary fat in the form of UFAs 
may alleviate hypercholesterolemia.  
 
Satiety 
Satiety is the feeling of fullness that stifles an animal’s feed consumption.  There are 
several hormones and signaling molecules that elicit satiation.  Lipids signal satiety by 
releasing cholecystokinin (CCK), which signals receptors located on vagal afferent nerve 
terminals of the inner walls of the intestinal tract.  This is how lipids consumed in the diet 
can transfer signals to the nervous system, and this pathway has been demonstrated in mice 
which have a knockout gene for CCK receptors.  Mice without CCK receptors eat larger 
meals and have shorter intervals between meals (Donovan, Paulino, & Raybould, 2007).   
Studies in rodents have yielded mixed results regarding the ability of dietary fat to 
curtail feed intake. Rats which are given high-fat diets reduced feed intake when compared to 
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low-fat diets (Sabb, Godfrey, Brannon, 1986; Darcel et al., 2005).  When comparing 
isocaloric high-fat and low-fat diets, rats fed high-fat diets had less body weight gain over an 
eight-week period (Darcel et al., 2005).  Rats fed high-fat diets during a physical training 
regimen voluntarily consumed 12% less energy (Lapachet, Miller, & Arnall, 1996).  
Although it is believed that dietary fat gives the feeling of fullness, there is some 
contradictory data that show that increasing dietary lipid may not be the best at reducing food 
intake.  Some studies have shown that the gastrointestinal tract may adapt to long-term high-
fat diets, leading to reduced feelings of satiety and increased food intake over time (Covasa 
& Ritter, 1999).  Furthermore, the pancreas adapts to high-fat diets by getting larger and 
increasing lipase activity (Sabb et al., 1986).  High-fat consumption in rats increased feed 
intake compared to high carbohydrate consumption (Warwick, Synowski, Rice, & Smart, 
2003).  Moreover, high-fat and low-fat diets may not influence body weight at all (Sabb et 
al., 1986). 
 In humans, some research has shown that full-fat diets may not help satiety or weight 
loss when compared to other diet alternatives.  Diet-induced thermogenesis is increased by 
full-fat diets when compared to reduced-energy diets, but not when compared to reduced-fat 
diets.  This indicates that fat does not increase metabolism, but caloric intake may.  In the 
short term, a reduced-fat, isocaloric-diet is proven to reduce hunger scores, and future food 
intake is the same when comparing a full-fat meal to a reduced-fat meal (Westerterp-
Plantenga et al., 1997).  There are some physiological impacts that may show the potential of 
fat to influence satiety, but the impact may be closely related to the type of fat that is 
consumed.  In humans, Maljaars et al. (2009) showed that dietary lipids increase release of 
CCK and peptide YY, which are satiety signaling molecules.  In their double-blind study 
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involving human subjects who were set up with a naso-ileum catheter, human subjects were 
either administered a bolus of saline solution as a control, an oil high in oleic acid (canola), 
an oil high in linoleic acid (safflower oil), or a source high in stearic acid (shea).  Subjects 
who received canola oil or safflower oil reported being less hungry and more full for 4 hours 
after receiving the bolus when compared to the control or shea treatments.  Canola and 
safflower oils increased plasma CCK levels, which may be the reason behind the feelings of 
satiety.  All three lipid treatments caused an increase in the levels of plasma peptide YY.  
Overall, the results of these short-term studies indicate that all dietary lipids do not have the 
same physiological impact and that increasing the consumption of unsaturated fatty acids, 
such as linoleic acid, may be more effective for appetite control. 
 
Immune Response 
Another crucial role of lipids in biological systems is in the immune response.  
Inflammatory cytokines are cell signaling molecules that instigate or propagate 
inflammation. Tumor necrosis factor-alpha (TNF-α) and Interleukin 6 (IL-6) are two such 
inflammatory cytokines.  Elevated levels of inflammatory cytokines instigate many painful 
ailments, demonstrated by the fact that TNF-α-blocking pharmaceuticals are used as 
treatments for psoriasis, arthritis, and inflammatory bowel disease.  Han et al. (2002) showed 
that the production of inflammatory cytokines is increased after the consumption of 
margarine when compared to soybean oil.  Inflammatory cytokine TNF-α production 
increases 58% and inflammatory cytokine IL-6 production increases 36% in the margarine 
diet compared to the soybean oil diet.  Butter consumption increased the level of TNF-α 
produced, but butter consumption did not influence IL-6 production.  Similarly, Vafeiadou et 
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al. (2015) found dietary SFA increased IL-6 and TNF-α when compared to dietary MUFA.  
This study also found that plasma E-selectin was significantly reduced when diets were 
supplemented with MUFAs.  E-selectin is activated by inflammatory cytokines during an 
immune response; cells with less E-selectin may be expected to have less inflammatory 
damage.   
 
Cancer 
Cancer is a very complex disease, which is what makes it so difficult to draw clear 
conclusions about the impact dietary lipids have on it.  Dietary lipids may help regulate cell 
cycles in order to help hinder the spread of cancer.  In one study, soybean oil was selectively 
hydrogenated to increase its conjugated linoleic acid and linoleic acid content.  The 
selectively hydrogenated soybean oil was fed to rats which were infected with Mat-LyLu 
cancer cells used to study prostate cancer (Jung, Choi, Oh, Shin, & Yoon, 2011).  Selectively 
hydrogenated soybean oil included in the diet stifled tumor growth in a dose-dependent 
matter; the specially-fed rats express greater amounts of pro-apoptotic protein and lesser 
amounts of cell survival proteins.  Since prostate cancer is a mis-regulation of the cell cycle 
resulting in uncontrolled cell growth and proliferation, the increase in pro-apoptotic proteins 
may be credited with the decrease in tumor size.  Conversely, increasing fat in the diet has 
been shown to increase renal cancer growth in mice (Koike et al., 2012).  Aronson et al. 
(2010) found that reducing fat in the diet is effective at reducing cancer cell growth in males 
with prostate cancer.  Cancer is a very complex disease which has several variables that must 
be considered, and this complexity could explain some of the disagreement between studies.   
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Exercise Performance 
 Many individuals monitor both diet and exercise in order to achieve a healthy 
lifestyle.  Therefore, a diet that works synergistically with workout performance in order to 
improve health would be preferred.  In this regard, it is important to consider the effect of 
lipids on exercise performance.  Lapachet et al. (1996) showed that rats subjected to lipid and 
carbohydrate feeding regimens during weeks of physical training routines exhibited different 
physiological adaptations.  Those fed higher-fat diets exercised for longer periods of time 
before reaching exhaustion when compared to rats fed carbohydrate-rich diets.  Diets richer 
in fat lead to increased levels of adipose tissue on rats despite voluntary decrease in feed 
consumption, yet body weight was unchanged based on diet.   
Long-term high-fat diets have been shown to switch metabolic dependence from 
glycogen to fat and to improve athletic endurance in cyclists (Lambert et al., 2001).  
However, this is contentious, as some studies have found that cycling performance may be 
unchanged by diets high in fat, protein, or carbohydrates (Bovee, Silliman, Liotta, Azevedo, 
& Linderman, 1997).  A high-fat meal prior to running may help increase exercise endurance 
and encourage the use of fat as an energy source (Ikuma et al., 2012).   However, certain 
types of fuel metabolism are better suited depending on the type of exercise to be performed.  
For instance, high-fat diets increase fat oxidation metabolism, but this may reduce the 
performance of high-intensity sprinters (Havemann et al., 2006).    
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Fat Replacements in Processed Meat Products  
 
Animal fat is very unique in that it gives processed meat products their characteristic 
flavor, juiciness, and texture (Keeton, 1994).  Therefore, replacing animal fat in products 
such as bratwurst, frankfurters, smoked sausages, and bolognas can be challenging to meat 
processors.  Substituting animal fat inevitably creates products with different organoleptic 
properties, but if processors can create acceptable products using animal fat replacements, 
there is potential for additional value, health benefits, and cost reduction.  
 
Water 
One of the simplest and most cost-effective ways to replace animal fat in processed 
meats products is by using water.  These products may be considered healthier because they 
replace fat, which at 9 kcal/g is the most calorie-dense macronutrient, with water, which is 
non-caloric.  It is known, however, that replacing fat with water results in reduced-fat 
products with different characteristics than their traditional counterparts.   
Texture is one of the biggest obstacles to overcome when fat is replaced with 
moisture.  These types of products consistently result in softer meat products, including 
breakfast sausages (Morin, Temelli, & McMullen, 2002) and bologna (Berasategi et al. 
2014).  These observations have been confirmed in trained sensory panels (Tomaschunas et 
al., 2013), as well as consumer panels (Morin et al., 2002).   
Increasing moisture has the potential benefit of increasing juiciness (Morin et al., 
2002).  However, it can also result in a reduction of creaminess and perceived meaty flavor 
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(Morin et al., 2002; Tomaschunas et al., 2013).  Color variations are also common between 
reduced-fat and full-fat meat products (Morin et al., 2002; Berasategi et al., 2014). 
 
Vegetable oil 
Animal fat is a heterogeneous, biological tissue.  It contains connective tissues, 
moisture, cellular proteins, heme iron, and other components necessary for supporting life as 
a living tissue.   This is demonstrated by the fact that frankfurters made with beef fat have 
different texture characteristics when compared to rendered beef fat (Youssef & Barbut, 
2010).  Plant oils are primarily extracted and purified lipids.  Replacing fat with oils on a 1:1 
weight basis has been shown to produce final products with decreased protein content, 
decreased moisture, and increased lipid (Álvarez et al., 2011). 
Replacing animal fat with liquid oil may produce successful products with good 
processing quality, but the research is inconclusive.  Baer & Dilger (2014) observed that 
sausages made with liquid oil resulted in more fatty residue on processing equipment, and 
this could result in reduced processing yields.  Marquez, Ahmed, West, & Johnson (1989), 
showed that partial fat replacement with oil may produce frankfurters with similar emulsion 
stability and smokehouse yields as conventional frankfurters.  However, others have found 
oil substitution to result in decreased emulsion stability (Youssef & Barbut, 2010; Álvarez et 
al., 2011).   
The texture of the finished product must also be considered.  In finely-comminuted 
products, TPA and shear force have been shown to be unchanged when up to 60% of beef fat 
is replaced with vegetable oil (Marquez et al., 1989).  Others have found a significant 
increase in hardness, springiness, cohesiveness, chewiness, and gumminess in finely-
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comminuted products when a quarter of the fat was replaced with vegetable oil (Youssef & 
Barbut, 2010).  Zetzl, Marangoni, & Barbut, (2012) reported almost a 33% increase in 
compression force and a greater than two-fold increase in chewiness values when replacing 
approximately 60% beef fat in frankfurters with canola oil.  In another study looking at 25% 
beef fat replacement in meat batters, hardness increased two-fold and chewiness increased 
four-fold (Youssef & Barbut, 2010).  These texture differences in finely-comminuted meat 
products may be a result of smaller than normal fat droplets in the meat batter when oil is 
added (Zetzl et al., 2012).  In coarse-ground products, fat particle size is also reduced when 
oil is incorporated as a source of lipid (Baer & Dilger, 2014).  
Furthermore, substitution of animal fat with liquid oil has been reported to result in 
visual differences.  Youssef & Barbut, (2010), Álvarez et al., (2011), and Marquez et al. 
(1989) have all reported an increase in lightness values.  Redness values have also been 
reported to decrease (Youssef & Barbut, 2010; Álvarez et al., 2011).  
Lipid oxidation may also be slightly increased as a result of increased unsaturated 
fatty acids, but this increase may not be practically significant in cured products (Álvarez et 
al., 2011; Berasategi et al., 2014).  Some research has noted no difference in TBA values or 
rancid flavor after six weeks of storage (Marquez et al., 1989).   
 
Hydrogenated oils 
 Hydrogenating oil causes a chemical change in which the double bonds in the carbon 
chain of the fatty acids become modified or removed.  Partially hydrogenated oils have the 
potential to contain TFAs, whereas fully hydrogenated oils become completely saturated by 
the end of hydrogenation process. Both are effective in converting liquid oils into solid fats 
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(Patterson, 1983).  Babji et al. (1998) found that producing beef patties with partially-
hydrogenated oil resulted in increased iodine value (IV) and TBA measurement, and a 
decreased saturated fat content.  Furthermore, the use of partially hydrogenated oil in beef 
patties resulted in different instrumental texture values but similar sensory texture scores.   
Because of relatively recent concern over partially hydrogenated oils containing 
significant sources of synthetic TFAs, they have slowly been exiting the food system.  In 
2015, the United States Food and Drug Administration (FDA) removed partially 
hydrogenated oils from the “generally recognized as safe” (GRAS) list for use in human 
foods (FDA, 2015).  This ruling gave food processors three years to remove partially 
hydrogenated oils from their products.  Because of these regulations and the negative 
connotations of hydrogenated oils on the label, use of partially hydrogenated oils in the food 
industry is waning (McMurray, 2007).  The diminished industry interest in using 
hydrogenated oils has resulted in less academic interest as well; thus, very little work has 
examined the use of hydrogenated oils in meat products.  Although hydrogenated oils could 
provide a consistent and an ample fat source for use in processed meats, hydrogenation 
results in saturated fatty acids, which contradicts the purpose of substituting fats with oils in 
order to obtain a health benefit.  
 
Emulsion systems 
Oil-in-water emulsion systems are another way in which fat can be replaced in 
further-processed meat products.  Pre-emulsified oil systems usually include specific ratios of 
water and oil, which are emulsified using a stabilizer.  Examples of stabilizers include 
sodium caseinate, whey protein, or soy protein isolate (Carmona, Ruiz-Capillas, Jimenez-
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Colmenero, Pintado, & Herrero, 2011; Cofrades, Antoniou, Solas, Herrero, & Jimenez-
Colmenero, 2013; Delgado-Pando, Cofrades, Ruiz-Capillas, & Jimenez-Colmenero, 2010).  
Oil-in-water emulsions can be made using oils which are rich in essential fatty acids and 
PUFAs, and this allows for incorporation of these beneficial lipids into processed meat 
products (Delgado-Pando et al., 2010). 
Several studies have evaluated oil-in-water emulsions as a replacement for animal fat 
in processed meat products.  Cofrades et al. (2013) found that meat batter which nearly 
entirely replaced pork fat with oil-in-water emulsions stabilized with caseinate or whey 
protein may have improved cook yields, as oil-in-water emulsions produced a meat batter 
with stronger stability when compared to pork fat controls in normal and reduced-fat 
frankfurter batters.  This was further demonstrated by Delgado-Panda et al. (2010), who 
determined that purge loss was reduced in frankfurter batters which replaced pork fat with 
oil-in-water emulsions that were stabilized using caseinate, soy protein isolate, or microbial 
transglutaminase.   
Frankfurters produced with oil-in-water emulsions have been shown to be firmer in 
texture than traditional frankfurters, similar in cohesiveness and springiness, and less 
adhesive (Carmona et al., 2011).  Jimenez-Colmenero (2010) used olive oil-in-water 
emulsions to produce frankfurters nearly entirely devoid of animal fat.  This study showed 
that frankfurters made with oil-in-water emulsions containing soy protein isolate, sodium 
caseinate, or transglutaminase, resulted in increased hardness, springiness, cohesiveness, and 
chewiness, and a decrease in adhesiveness when compared to pork fat controlled frankfurters.  
Similarly, Delgado-Pando et al. (2010) and Cofrades et al. (2013) also used emulsion systems 
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to replace animal fat and found an increase in hardness, chewiness, and springiness.  
However, neither of these studies found an effect on cohesiveness.   
Additionally, sensory analysis has also indicated organoleptic differences between 
products that are made with pork fat and those made with oil-in-water emulsions as a fat 
replacement.  Delgado-Pando et al. (2010) found a decrease in flavor and texture 
acceptability as a result of replacing animal fat with oil-in-water emulsions made with soy 
protein isolate or a combination of soy protein isolate, caseinate, and transglutaminase. 
Color is another important attribute to consider since most consumers make 
purchasing decisions based on appearance.  When pork fat is replaced with oil-in-water 
emulsions, an increase in lightness and yellowness has been reported (Delgado-Pando et al., 
2010; Jimenez-Colmenero et al., 2010; Cofrades et al., 2013).  Similar to other animal fat 
replacements, the redness of processed meat products has been observed to decrease when 
animal fat is replaced with oil-in-water emulsions (Jimenez-Colmenero et al., 2010; Cofrades 
et al., 2013).   
 
Oleogels 
 
Overview and basic chemistry 
Gels are a part of the colloid family.  As such, they share properties of colloids:  they 
are a homogeneous mixture which contains one phase dispersed within another, and the two 
phases do not separate.  Gels consist of solid particles suspended in a liquid in a continuous 
and organized microstructure which allows the gel to macroscopically appear rigid or semi-
rigid (Marangoni & Garti, 2011).   
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Oleogels are gels which consist of oil as the liquid phase (Marangoni & Garti, 2011).  
The solid phase can be any of a diverse group of molecules, referred to as “gelators,” which 
typically consist of molecules with hydrophobic and hydrophilic regions.  The hydrophilic 
regions can align with the hydrophilic regions of other gelator molecules to form hydrogen 
bonds and produce an organized network to gel the oil.  The hydrophobic regions of the 
gelator molecules are left exposed to favorably interact with the hydrophobic oil (Rogers, 
Bot, Lam, Pedersen, & May, 2010).  Several different molecules have been shown to be 
capable of gelling oil, such as waxes (Blake, Co, & Marangoni, 2014; Blake & Marangoni, 
2015), sterols (Bot & Agterof, 2006), and fatty acids (Mallia & Weiss, 2014).   These are all 
examples of what are referred to as low-molecular weight gelators, because the gelator 
molecules are relatively small.  Another type of gelator molecule is high-molecular weight 
gelators, which are long polymeric strands that solubilize in oil and use hydrophobic 
interactions between themselves and the oil to produce a gel (Marangoni & Garti, 2011).   
Oleogels are made by solubilizing the gelator in the oil and allowing time for it to 
create the organized microstructure.  Solubilization can be achieved by heating and stirring 
the gelator with the oil to form a hot solution (Bot & Agterof, 2006; Toro-Vazquez et al., 
2007; Zetzl et al., 2012).  Upon cooling, the solution reaches a level of supersaturation which 
encourages the gelator molecules to align their hydrophilic and hydrophobic regions in order 
to reduce the free energy of the solution (Wang, Liu, Xiong, & Li, 2006).  This makes the 
cooling solution become more viscous until it eventually turns into a solid or semi-solid 
oleogel (Dassanayake, Kodali, Ueno, & Sato, 2012).   
Oleogels function similarly in the body as the oils which are used to produce them.  
Stortz et al. (2012) compared the consumption of butter, margarine, native canola oil, and 
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canola oil gelled with 2% 12-hydroxystearic acid, a low-molecular weight gelator.  Test 
meals were consumed using 48 g of the aforementioned sources of fat, and blood samples 
were acquired prior to the meal and every hour for six hours following the meal.  Mean 
serum triacylglycerol levels were the same for the native and gelled oil, both of which were 
significantly less than the butter and the margarine.  Serum free fatty acids showed similar 
patterns.  
 
Impacts on oleogel characteristics  
There are several formulation and processing variables that can affect the 
characteristics of oleogels.  Because of this, there is a large body of literature that explains 
processing of oleogels and its influence on stress resistance, melting temperature, firmness, 
and other oleogel properties.  The type of gelator, the concentration of gelator, the rate of 
cooling of the oleogel solution, and the type of oil all impact the properties of the oleogel. 
The ability of the gelator molecules to align and make the proper hydrophobic and 
hydrophilic interactions can determine the strength of the gel.  For instance, racemic mixtures 
of 12-hydroxystearic acid produce softer gels than enantiomeric mixtures, which may be 
attributed to the ability of the hydroxyl molecule on the carbon chain to align with 
neighboring gelator molecules (Mallia & Weiss, 2014).  Waxes that are more homogenous in 
chemical composition produce oleogels with less enthalpy and narrower melting peaks 
(Blake et al., 2014).  If phytosterol and γ-oryzanol are used as gelators, a ratio of 2:1 by 
weight better promotes the crystal nucleation and oleogel formation (Rogers et al., 2010).   
Opacity, an important visual difference between fats and oils, can also be manipulated 
in oleogels by incorporating physical light barriers that will scatter light instead of allowing 
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transmittance.  Such physical light barriers may include the junction zones of gelator 
filaments and the amount of disperse particles in the liquid phase (Terech, Pasquier, Bordas, 
& Rossat, 2000).  
Changing the concentration of the gelator is one of the most effective ways of 
changing the properties of an oleogel.  Increasing gelator concentration generally increases 
the melting temperature, enthalpy of melting, and enthalpy of crystallization (Toro-Vazquez 
et al., 2007; Dassanayake et al., 2009; Blake et al., 2014).  It also decreases oil loss over time 
(Blake et al., 2014) and increases oleogel firmness (Dassanayake et al., 2009; Dassanayake et 
al, 2012).   
Oleogel properties are also influenced by the rate at which the hot oil and gelator 
solution cools.  Toro-Vazquez et al. (2007) determined in candelilla wax oleogels that slower 
cooling rates resulted in larger crystals in the oleogel microstructure, and a rapid chill 
resulted in a larger number of smaller crystal structures.  Furthermore, rapid chilling rates 
decreased melting temperatures of the oleogels.  
A few other minor considerations in oleogel preparation are the type of oil used and 
the storage time of the oleogel.  The type of oil used in the continuous liquid phase of 
oleogels seem to be less impactful on the characteristics of the gel than other manufacturing 
considerations (Dassanayake et al., 2009; Dassanayake et al, 2012).  Storage time has also 
been shown to help stabilize the oleogel’s thermal properties and increase the force required 
to shear the oleogel (Toro-Vazquez et al., 2007).   
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Oleogels produced with rice bran wax 
Phytogenic waxes differ in the proportions of esters, free fatty acids, fatty alcohols, 
and resins they contain.  As a result, oleogels made with different phytogenic waxes have 
different properties.  Producing wax oleogels with the same wax concentration does not 
guarantee similar crystallization, melting characteristics, or stress resistance if the waxes are 
of different plant origins (Blake et al., 2014).   
Rice bran wax has been shown to produce an oleogel at 1% wt/wt concentration, 
making it a very efficient structuring agent (Dassanayake et al., 2012; Blake et al., 2014).  
Oleogels made with 10% rice bran wax can make a firm, brittle gel despite their solid fat 
content of less than 7%.  Similar to other oleogels, increasing the concentration of gelator in 
rice bran wax oleogel will increase firmness (Dassanayake et al., 2012).  Additionally, rice 
bran wax oleogels increase in melting temperature as the concentration of rice bran wax 
increases.  Dassanayake et al. (2009) reports the melting temperature of oleogels produced 
with 1%, 3%, 5%, 10%, 20%, 40%, 50%, and pure rice bran wax to be 54.3°C, 57.8°C, 
60.8°C, 65.2°C, 68.7°C, 72.6°C, 73.4°C, and 78.2°C, respectively.  Other research may 
disagree with these melting temperatures, possibly due to the differences in gel 
manufacturing procedures that may influence melting characteristics of oleogels.   
 
Oleogels in processed foods 
Since oleogels are such a diverse and complex oil-solidifying method, most research 
has focused on how organogelators, cooling, heating, and oil type can influence oleogel 
characteristics (Toro-Vazquez et al., 2007, Mallia & Weiss, 2014), and just recently, more 
research is being presented on the application of oleogels in various foods. 
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Zetzl et al. (2012) noted that oleogels made with waxes or other low-molecular 
weight gelators may not be strong enough to endure food processing, but wax oleogels have 
been used as solid fat replacements, and the results have indicated that they may be sturdy 
enough to endure shear, heating, and other abusive processes similar to solid fat.  In some 
studies, shortbread cookies made with candelilla wax oleogels were intermediate in firmness 
in relation to cookies made with canola oil and those made with shortening (Jang, Bae, 
Hwang, Lee, & Lee, 2015; Ylmaz & Öğütcü, 2015; Mert & Demirkesen, 2016).  These same 
studies found oleogels were better able to mimic shortening despite the drastic reduction in 
saturated fat and solid fat content.  The oleogel also performed more like a solid fat in 
cookies when comparing break force, width, thickness, and spread ratio after baking.  In ice 
cream, rice bran wax oleogel resulted in greater air incorporation and larger air pockets, more 
similar to milk fat than native oil (Zulim Botega, Marangoni, Smith, & Goff, 2013).   
Oleogels are not conventional in the sense that they have high melting points despite 
their low solid fat content and increased unsaturation (Mert & Demirkesen, 2016).   As an 
alternative to table spreads, oleogels have been produced which can be firmer than 
margarine, despite the higher degree of unsaturation.  A sunflower wax oleogel with an 
iodine value of 92.02g/100g, which is notably more unsaturated than butter (IV = 29.7 
g/100g) and margarine (IV = 57.85 g/100g), can still have a remarkably higher melting point 
(61.02°C versus 49.61°C and 43.74°C, respectively) (Ylmaz & Tc, 2015).   
Very seldom do oleogels present off-flavors, but rather the differences in flavor of 
conventional products and the products made with oleogels reflect a lack of flavor that 
traditional fats usually provide (Ylmaz & Tc, 2015; Ylmaz & Öğütcü, 2015). 
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Oleogels in processed meats 
Oleogel application in meat products is still a relatively novel and unexplored area of 
research.  The first publication characterizing meat systems using an oleogel as an animal fat 
replacement was less than a decade ago (Zetzl et al., 2012).  Acceptable meat products have 
been produced using oil as an animal fat replacement.  Therefore, in order for it to be 
economically justifiable to gel the oil prior to use in meat, the use of oleogels in a meat 
system must contribute at least the same technological qualities as fat-in-meat systems, and 
must contribute improved sensory attributes relative to oil-in-meat systems.   
Texture is one of the largest obstacles to overcome when replacing animal fat.  In 
beef frankfurters containing ethylcellulose oleogel as a fat replacer, the oleogel treatment was 
intermediate in comparison to the beef fat and native canola oil in firmness (Zetzl et al., 
2012; Barbut, Wood, & Marangoni, 2016a), chewiness (Zetzl et al., 2012), and shear force 
(Barbut, Wood, & Marangoni, 2016b).  Beef fat frankfurters and ethylcellulose oleogel 
frankfurters were less chewy and less firm than frankfurters made with canola oil.  
Differences in texture may be attributed to larger sizes of the fat globules in the beef fat and 
the oleogel frankfurters (Zetzl et al., 2012; Barbut et al., 2016a). 
Replacing beef fat with ethylcellulose oleogels or vegetable oil improved cook yields 
(Barbut et al., 2016b), and resulted in lighter, less red frankfurters than beef fat (Barbut et al., 
2016a; Barbut et al., 2016b).   
Panagiotopoulou, Moschakis, & Katsanidis (2016) substituted up to 20% of the pork 
fat in frankfurters with oleogels made with sunflower oil which was gelled using γ-oryzanol 
and phytosterols.  The substitution resulted in a lighter, less red internal color, and lipid 
oxidation was not different between treatments after 30 d of storage.  TPA results showed 
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oleogels were similar to conventional frankfurters in hardness, cohesiveness, springiness, 
chewiness, and resilience.  Sensory evaluation scores also indicated no differences between 
frankfurters produced with only animal fat and those produced with oleogels. 
 
Summary 
 
 Fats and oils are important dietary components because they impact health and are 
crucial in improving sensory quality of food.  Oils, and the unsaturated fatty acids that they 
contain, reduce risk of cardiovascular disease, improve immune function, and help maintain a 
healthy lifestyle by providing satiety and enhancing exercise performance.  Processed meat 
products traditionally use animal fats to impart flavor, juiciness, and texture.  Replacing fat 
with oil alternatives creates a product with different physiological impacts that may be 
appealing to consumers, but these alternatives typically come with changes in texture, flavor, 
and appearance.  Oleogels are a novel animal fat alternative which can provide both the 
nutritional benefits of oils and the positive organoleptic and technological attributes of 
harder, more saturated fats.  The little reported research that has replaced animal fat with 
oleogels in processed meat products has shown that they may be a promising fat replacement 
that could be beneficial to the consumer and the processor.   
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CHAPTER III 
POTENTIAL FOR RICE BRAN WAX AND SOYBEAN OIL OLEOGELS AS A PORK 
FAT REPLACEMENT IN FRANKFURTERS 
 
Introduction 
 Fats and oils are critical for both human health and food quality.  The 2015-2020 
Dietary Guidelines for Americans (2015) recommends that 30% of caloric intake derives 
from fats and oils, with most of that energy consumption in the form of unsaturated fatty 
acids.  These recommendations align with much of the modern literature that agrees 
unsaturated fatty acids and polyunsaturated fatty acids are important for reducing biomarkers 
for cardiovascular disease (Dyerberg et al., 2004), reducing plasma cholesterol (Vafeiadou et 
al., 2015), increasing satiation (Maljaars, Romeyn, Haddeman, Peters, & Masclee, 2009), and 
decreasing inflammatory cytokines (Han et al., 2002). 
 All these health benefits are overcome by the fact that meat processors rely heavily on 
solid animal fat to give their products the proper texture and flavor.  Substitution of animal 
fat with vegetable oil in finely-comminuted products can lead to increased hardness and 
chewiness (Youssef & Barbut, 2010; Zetzl, Marangoni, & Barbut, 2012), as well as lighter 
and less red color (Youssef & Barbut, 2010; Álvarez et al., 2011).  Furthermore, lipid 
oxidation is increased when saturated fat is replaced with unsaturated fat, but this is not a 
practical concern in cured meat products because of the potent antioxidant capabilities of 
sodium nitrite (Álvarez et al., 2011; Berasategi et al., 2014).  Replacement of fat with 
vegetable oil in comminuted products can also result in processing challenges such as 
increased greasy residue on processing equipment (Baer & Dilger, 2014), and decreased 
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emulsion stability in finely-comminuted products (Youssef & Barbut, 2010).  Animal fat is a 
fundamental ingredient in processed meat products and, as such, is difficult to replace. 
 Oleogels, gels in which the liquid phase is oil, are a relatively novel fat replacement 
technology.  They provide both the nutritional benefits of oils (Stortz, Zetzl, Barbut, 
Cattaruzza, & Marangoni, 2012), and the positive organoleptic and technological attributes of 
harder, more saturated fats (Zetzl et al., 2012; Barbut, Wood, & Marangoni, 2016a; Barbut, 
Wood, & Marangoni, 2016b).  Oleogels require a gelling molecule that can stack into an 
organized scaffold in order to structure the vegetable oil (Marangoni & Garti, 2011).  One 
such source of gelling molecule is rice bran wax.  Rice bran wax has been shown to produce 
an oleogel at 1:99 rice bran wax:liquid oil (Dassanayake, Kodali, Ueno, & Sato, 2012; Blake, 
Co, & Marangoni, 2014).  Oleogels made with 10% rice bran wax can be firm and brittle, 
despite a solid fat content of less than 7%.  Rice bran wax oleogels increase in melting 
temperature as the concentration of rice bran wax increases.  Dassanayake, Kodali, Ueno, & 
Sato (2009) reported the melting temperature of oleogels produced with 1%, 3%, 5%, and 
10% rice bran wax to be 54.3°C, 57.8°C, 60.8°C, and 65.2°C, respectively.  In addition to the 
concentration of the gelling agent, other oleogel manufacturing variables, such as cooling 
rate, type of gelling agent, and length of storage time, can influence the melting temperature 
and firmness of the final oleogel (Dassanayake et al., 2009; Dassanayake et al, 2012; Toro-
Vazquez et al., 2007).   
There has been very little research on the use of oleogels in food products, and even 
less in processed meats.  Zetzl et al., (2012) and Barbut et al., (2016a), utilized ethylcellulose 
and canola oil to create oleogels for a partial fat replacement in beef frankfurters.  Replacing 
animal fat with oleogels resulted in frankfurters with intermediate characteristics to those 
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produced with animal fat and those produced with native canola oil.  Moreover, replacing 
beef fat with ethylcellulose oleogels has shown to improve cook yields (Barbut et al., 2016b).   
No research has studied rice bran wax oleogels as a potential animal fat replacement 
in pork frankfurters.  Rice bran wax was chosen in the present study because it is an 
ingredient already approved by the FDA for use in food products (CFR, 2016), it is effective 
at gelling oil in low concentrations (Dassanayake et al., 2012; Blake et al., 2014), it produces 
a white gel with a fat-like appearance, and it is a relatively neutral-flavored ingredient.  This 
study is also unique in that it is the only known study that tracks the shelf-life of meat 
products containing oleogels.  Additionally, no known research has utilized lean trimmings to 
replace nearly all of the animal fat in the product with oleogels.   
It is hypothesized that oleogels produced with rice bran wax and soybean oil will 
result in pork frankfurters with processing characteristics and texture attributes similar to 
frankfurters produced with pork fat.  The objective of this research is to characterize the 
impact that oleogels as an animal fat replacement has on processing characteristics, texture, 
color, lipid oxidation, and sensory properties over time. 
 
Materials & Methods 
 
Oleogel preparation 
Preliminary characterization of oleogels 
For preliminary analysis, 4 oleogels were made by incorporating rice bran wax 
(RBW) (Koster Keunen, Inc., 1021 Echo Lake Road, Watertown, CT 06795, USA) and 
soybean oil (ADM Grain Eastern Trading, 4666 Faries Parkway, Decatur, IL 62526, USA) at 
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4 different RBW concentrations by weight: 2.5%, 5%, 10%, and 15%.  Wax and soybean oil 
were mixed in 150-mL glass beaker and placed in a 95°C convection oven (Equatherm, 
Model #D1479, Curtin Matheson Scientific, Inc., Hampton, NH, USA) until they reached 
90°C.  Then samples were stirred continuously at 250 rpm for 30 min while remaining in the 
oven.  Following 30 min of stirring, the samples were removed from the oven and transferred 
to a sealable, glass storage container.  The solutions were allowed to cool at room 
temperature (approx. 24°C) for 1 h.  They were then sealed and stored at 3°C for one week 
until analysis.   
Melting characteristics of the oleogels were determined by using a differential 
scanning calorimeter (DSC Q2000, TA Instruments—Waters LLC, New Castle, DE, USA).   
Samples of approximately 10–25 mg of oleogels were placed in a hermetically-sealed 
aluminum pan (DSC Consumables, Inc., Austin, MN, USA).  A sealed empty aluminum pan 
was used as a reference.  Samples were equilibrated to 20°C, ramped to 80°C at a rate of 
10°C/min, and cooled to 20°C at a rate of -10°C/min.  Each of the oleogel samples was run in 
duplicate and results were averaged to provide a single estimate of melting temperature.  
Melting temperatures were determined to be 66.09 °C for the 2.5% wax oleogel, 70.14°C for 
the 5% wax oleogel, 73.50°C for the 10% wax oleogel, and 74.59°C for the 15% wax 
oleogel.  Based on DSC results and subjective firmness, appearance, and flavor, 2.5% and 
10% rice bran wax oleogels were selected for use in frankfurters.   
 
Large scale oleogel preparation for use in frankfurters 
Oleogels were produced in 4.14 kg batches consisting of soybean oil and either 2.5% 
rice bran wax or 10% rice bran wax.  Correct amounts of soybean oil and rice bran wax were 
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weighed and mixed in a 7.57-L stainless steel bowl and placed in a convection oven (Model 
#LGEF3045KFJ, Frigidaire, Charlotte, NC, USA) which was pre-heated to 121°C.  After 
achieving the target temperature of 90°C, which required approximately 2 h, solutions were 
stirred every 7 min for 30 min before being removed from the oven. 
The stainless steel bowls were then covered with aluminum foil and stored at 2.7°C.  
Cooling rate was determined by placing a temperature logger in the geometric center of the 
oleogel solution.  The average cooling rate for the three replications was -1.44 °C/min.  
Oleogels were prepared 5–7 d prior to use in frankfurters to ensure proper setting of the gel 
matrix.   
 
Frankfurter preparation 
Frankfurter materials and formulations 
Five frankfurter treatments were produced using the following lipid replacements or 
strategies: 1) pork back fat (PF); 2) soybean oil (SBO); 3) oleogel produced with soybean oil 
and 2.5% rice bran wax (2.5 RBW); 4) oleogel produced with soybean oil and 10% rice bran 
wax (10 RBW); and 5) oleogel produced with soybean oil and 2.5% rice bran wax added 
later in the bowl-chopping step of the frankfurter batter (RBW/LS) to keep the oleogel more 
intact during frankfurter processing.  
 Trimmed pork knuckles and pork backfat were obtained from a commercial packing 
plant.  Upon receipt at the Iowa State University Meat Laboratory, the raw meat materials 
were immediately stored at -1°C for no longer than 5 d and analyzed for proximate 
composition (Table 1).  Raw meat materials used in all three replications were from the same 
production lot.  
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Table 1.  Proximate composition of raw pork materials used in frankfurter preparation. 
Values in parentheses are standard deviation.  
 Moisture Lipid Protein 
 % % % 
Pork knuckles 75.24 (± 0.91) 1.82 (± 0.98) 22.02 (± 0.15) 
Pork backfat 14.79 (± 0.18) 78.61 (± 0.29) 2.87 (± 0.96) 
 
Trimmed pork knuckles were used in all treatments to reduce the amount of fat 
derived from the lean trimmings.  This allowed for maximum animal fat replacement using 
oleogels while still maintaining a final lipid content similar to commercial frankfurters.  
Frankfurter batters were formulated to target a lipid content of 18.16%.  There was an 
anticipated cook/chill yield of 88%; thus theoretical lipid content in the final product was 
20.63%.  The 2.5 RBW and RBW/LS treatments used the same type of oleogel, but the 
frankfurters were processed differently, which will be explained in the next section.  
 
Table 2.  Frankfurter treatment formulations.   
 
PF SBO 2.5 RBW 10 RBW RBW/LS  
% % % % % 
Knuckles 51.38 55.62 55.62 55.62 55.62 
Pork backfat 21.91 -- -- -- -- 
Soybean oil -- 17.67 -- -- -- 
2.5% RBW oleogel -- -- 17.67 -- 17.67 
10% RBW oleogel -- -- -- 17.67 -- 
Water/ice (50/50) 21.99 21.99 21.99 21.99 21.99 
Salt 1.63 1.63 1.63 1.63 1.63 
Dextrose 0.76 0.76 0.76 0.76 0.76 
Phosphate 0.38 0.38 0.38 0.38 0.38 
Curing salt (6.25% NaNO2) 0.18 0.18 0.18 0.18 0.18 
Sodium erythorbate 0.04 0.04 0.04 0.04 0.04 
Seasoning 1.73 1.73 1.73 1.73 1.73 
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Frankfurter processing 
Frankfurters were made in the Iowa State University Meat Laboratory, Ames, IA, 
according to the treatment formulas shown in Table 2.  The meat block for each treatment 
batch was 13.61 kg, and total batch weight was 18.55 kg.  On the day of production, whole 
pork knuckles and pork backfat were pre-ground through a 9.53-mm plate.  Oleogels and 
soybean oil were not pre-ground.  For the PF, SBO, 2.5 RBW, and 10 RBW treatments, 
ground knuckles and water/ice were added to a bowl chopper (Krämer & Grebe VSM65, 
Biedenkopf, Germany) with salt, phosphate, dextrose, curing salt, cure accelerator, and 
spices, and were chopped under vacuum.  After the batter reached 4.4°C, the lipid source 
corresponding to each treatment (pork backfat, soybean oil, 2.5% RBW oleogel, or 10% 
RBW oleogel) was added, and chopping under vacuum continued until a temperature of 
13°C was reached.  For the RBW/LS treatment, the ground knuckles, water/ice, salt, 
phosphate, dextrose, curing salt, cure accelerator, and spices were chopped under vacuum 
until the batter reached a temperature of 10°C, after which the 2.5% RBW oleogel was 
added, and chopping under vacuum continued until a temperature of 13°C was reached.  The 
purpose for this treatment was to reduce the amount of mechanical shear applied to the 
oleogel.  
Batters were immediately removed from the bowl chopper and stuffed into 25-mm 
peelable cellulose casings (Viscofan, Danville, IL, USA) using a vacuum stuffer (Handtmann 
VF 608 Plus, Lake Forest, IL USA) to a target volume of 56.0 cm3.  Stuffed frankfurters 
were hung on metal dowels, weighed, placed on an oven tree, and cooked in a single-truck 
Alkar oven (DEC International, Inc., Lodi, WI, USA).  Treatment processing order and 
location on the oven tree were randomized within each replication.  Frankfurters were cooked 
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following the thermal processing cycle shown in Table 3 to a final internal temperature of 
approximately 73°C.  Hickory smoke was generated by pyrolyzing natural hickory chips 
(Chips n’ Chunks Hickory All Natural Wood Chips, Smokehouse, OR, USA) in a natural 
smoke generator (Alkar Smokemaster, DEC International Inc., Lodi, WI, USA).  
 
Table 3.  Thermal processing cycle for frankfurters. 
 
Step Time 
min 
Dry Bulb 
Temperature 
Wet Bulb 
Temperature 
Relative 
Humidity 
Exhaust 
Fan 
 °C °C % 
Cook 10 43 41 84 Off 
Cook 20 54 0 0 On 
Smoke 15 54 0 0 Off 
Smoke 30 63 57 75 Off 
Cook 30 63 0 0 On 
Cook 15 74 63 59 On 
Steam cook 10 77 77 100 On 
Cold shower 30 10 0 0 On 
  
At the end of the second smoke step, a temperature probe was inserted into the 
geometric center of a frankfurter located near the coolest spot in the smokehouse.  Thermal 
processing was in compliance with USDA-FSIS Appendix A requirements (9 CFR §318.19) 
for all three replications (Table 4).  Following the oven cycle, frankfurters were immediately 
moved to a -1.1°C cooler to finish the cooling process.  Chilling rates were in compliance 
with USDA-FSIS Appendix B requirements (9 CFR §318.19) for all three replications (Table 
4). 
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Table 4.  USDA-FSIS Appendix A and Appendix B compliance.   
 Heating requirement: 
Thermal process 
internal temperature 
Cooling requirement: 
Time in temperature 
range 54.4°C to 
26.7°C 
Cooling requirement: 
Time in temperature 
range 26.7°C to 4.4°C 
Acceptable limit >71.1°C <1.5 hours <5 hours 
Replication 1 73.5°C 11 min 51 min 
Replication 2 73.8°C 10 min 30 min 
Replication 3 73.8°C 12 min 35 min 
 
Frankfurters were stored overnight in a -1.1°C cooler and weighed to obtain yields 
the following morning.  Casings were removed using an automatic frank peeler (Townsend 
2600, Townsend, Des Moines, IA, USA).  Prior to packaging, frankfurters were randomized 
within treatments by mixing in a tub. For packaging, 8 frankfurters per bag were placed 
inside 4-in x 10-in plastic bags (oxygen transmission rate of 3-6 cm3 per m2 per 24 h at 23°C, 
0 RH; Cryovac Sealed Air Corp., Duncan, SC, USA) and vacuum sealed (Ultravac UV 2100, 
UltraSource LLC, Kansas City, MO, USA).  Packages were shrink-wrapped in a hot water 
bath, labeled by treatment, and placed in cardboard boxes.  Boxes were placed in a -1.1°C 
cooler and held there for the duration of the study or until samples were needed for analysis.  
 
Frankfurter analysis 
Emulsion stability 
Emulsion stability was measured using the Rongey method (Rongey, 1965).  This 
method is dependent on the use of a Wierbicki tube, developed by Wierbicki et al. (1957).  
Wierbicki tubes are clear cylindrical tubes with a wider diameter on top which quickly tapers 
to a graduated, small-diameter cylinder on the bottom.  A fritted glass disc rests on the 
bottom of the large diameter area to separate the two compartments.  
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Approximately 25 g of raw frankfurter batter were placed into a Wierbicki tube, atop 
the fritted glass disc.  Filled Wierbicki tubes were cooked in a 71°C water bath for 30 min 
and then centrifuged at 150 rpm for 10 min to promote the separation of free water and lipid 
to the bottom of the tube where it can be quantified.  Samples were cooled at room 
temperature before lipid and water loss were read using the graduated hash marks at the 
bottom of the Wierbicki tubes. Two samples per treatment were analyzed and the results 
were averaged.  Loss of lipid was negligible for all samples, so all loss is assumed to be from 
moisture.  Emulsion stability was calculated as follows: 
% Emulsion Stability =  [1 −  
purge loss
sample weight
 ] ∗ 100 
A larger emulsion stability percentage indicates a stronger emulsion.   
 
Proximate analysis 
Proximate analysis of finished frankfurters was performed on day 56 of shelf life in 
accordance with AOAC procedures.   Moisture was determined by AOAC method 950.46 
(AOAC, 2005a).  Fat was determined by AOAC method 960.39 (AOAC, 2005b).  Protein 
was determined by AOAC method 992.15 (AOAC, 2005c).  Methods are further described 
below.  
For moisture analysis, three frankfurters from a single package were homogenized 
using liquid nitrogen in a stainless steel blender.  Approximately 4 g of homogenized sample 
were weighed into cotton thimbles which were prefilled with cotton balls to prevent lipid loss 
in the drying oven.  Thimbles were dried in a 100°C oven for 18 h, placed in a desiccator to 
cool for approximately 1 h, then weighed to obtain a dried weight.  Percent moisture was 
calculated as follows:  
Eq. 1 
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% Moisture = [ 
Initial sample weight − Dry sample weight
Initial sample weight
 ] ∗ 100 
For lipid analysis, cotton thimbles containing dried samples were placed in Soxhlet 
condensers (Lab-Line Instruments, Inc., Melrose Park, IL, USA).  Samples were allowed to 
extract for 10 h using hexane.  Thimbles were placed in a drying oven for at least 2 h then 
placed in a desiccator to cool for approximately 1 h, before being weighed to obtain an 
extracted weight.  Percent lipid was calculated as follows: 
% Lipid = [ 
Dry sample weight − Extracted sample weight
Initial sample weight
 ] ∗ 100 
All assays were done in duplicate.  Duplicates were averaged to determine the mean 
lipid and moisture content of each sample.  
Protein was measured indirectly using nitrogen release following combustion.  
Combustion and nitrogen release measurement was done by using a TruMAC N (Leco Corp., 
St. Joseph, MI, 49085 USA).  Samples were tested in triplicate, and the values were averaged 
for each sample. 
 
Lipid oxidation 
Lipid oxidation of frankfurters was measured on days 0, 14, 28, 42, 56, 70, 84, and 
98. Lipid oxidation was determined by a modified 2-thiobarbituric acid (TBA) method for 
cured products, modified from Zipser & Watts (1962).  This method requires three reagents: 
1) a sulfanilamide reagent consisting of 2.9 x 10-2 M sulfanilamide dissolved in a 1:4 
HCl:H2O solution; 2) an HCl reagent consisting of 1:2 concentrated HCl: H2O; and 3) a TBA 
reagent consisting of 2.0 x 10-2 M 2-TBA in distilled water.   
Eq. 2 
Eq. 3 
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Three frankfurters from a single package were homogenized in a food processor.  Ten 
g of frankfurter sample were mixed with 2 mL of sulfanilamide reagent, 1 mL of HCl 
reagent, and 97 mL of distilled water.  The resulting mixture was distilled, and 50 mL of 
distillate was collected.  Five mL of distillate were placed in a test tube with 5 mL of the 
TBA reagent.  Test tubes were placed in a boiling water bath for 35 min and allowed to cool 
for at least 10 min in a room-temperature water bath.  Lipid oxidation manifests as a pink hue 
in the test tube solutions.  Absorbance at 532 nm was measured using a spectrophotometer 
(Model 4320940, DU 640, Beckman Instruments, Inc., Fullerton, CA, USA) calibrated with a 
blank of distilled water and TBA reagent.   Oxidation species, specifically malonaldehyde, 
was determined using the following equation: 
 
 
Analyses were performed in duplicate and results were averaged.   
 
Instrumental color analysis 
Internal color was measured on days 0, 14, 28, 42, 56, 70, 84, and 98.  The 
frankfurters were sliced lengthwise, and the cut edge was placed against the 12.7-mm 
aperture of the colorimeter.  Internal color (CIE L*a*b*) was determined instrumentally by a 
LabScan XE (Model LS 1500, Hunter Associated Laboratories, Inc., Reston, VA, USA) 
using illuminant D65 (daylight at 6500K) and a 10° observer angle.  Three frankfurters per 
treatment per day were analyzed and averaged. 
 
 
Eq. 4 (Absorbance)532 x 7.8 = mg of malonaldehyde per 1000 g of sample 
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Texture analysis 
Texture analysis and incisor puncture analysis were done using a TA-XT2 Texture 
Analyser (Texture Technologies Inc., Scarsdale, NY, USA) on days 0, 14, 28, 42, 56, 70, 84, 
and 98.  Frankfurters were equilibrated to room temperature for approximately 5 h prior to 
texture analysis. 
Texture profile analysis (TPA) utilized an aluminum cylindrical probe (5.08 cm 
diameter, 20 mm height) (TA-25, Texture Technologies Inc., Scarsdale, NY, USA).  The test 
was performed on 2.54-cm sections of frankfurters which were cut from the center of each 
frankfurter.  The probe descended at 5mm/sec to compress the sample to 50% of its original 
height.  A two-stroke compression test was used to determine firmness, adhesiveness, 
resilience, cohesiveness, chewiness, and springiness.   TPA was carried out in triplicate and 
the values were averaged.   
Incisor puncture analysis utilized a 9.53-mm incisor blade probe (TA-45, Texture 
Technologies Inc., Scarsdale, NY, USA) to measure the force required to puncture the skin of 
the frankfurters.  The test was conducted on 6.35-cm sections of frankfurters which were cut 
from the center, and were positioned such that the incisor probe punctured the center of the 
sample perpendicular to the length of the frankfurter, mimicking how a human incisor would 
typically bite through a frankfurter.  The probe descended at a speed of 3.3 mm/sec, and the 
probe inserted into the frankfurter a distance of 15 mm.  Incisor puncture analysis was 
repeated in triplicate and the values were averaged. 
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Sensory Analysis 
Each replication was evaluated using a sensory panel at four points during the shelf-
life:  days 42, 56, 70, and 84.  Frankfurters were prepared by boiling 1.42 L of water in a pot, 
adding 8 frankfurters from a single package, and returning the water to a boil.  After the 
water containing the frankfurters returned to a boil, the pots were covered and removed from 
the heat source.  Frankfurters remained in hot water for 7 min, then removed from the water 
and sliced into 12.7-mm cylindrical pieces.  End pieces were discarded.   
Ten trained panelists were used to evaluate frankfurters for organoleptic properties.  
Panelists consisted of graduate students, faculty, and staff of the Iowa State University 
Animal Science and Food Science departments and were selected based on their sensory 
acuity and availability.  Panelists were trained using frankfurters produced for this study and 
met for two training sessions one week prior to the first sensory evaluation day.  All ten 
panelists were required to attend both training sessions and each evaluation session had at 
least 6 panelists present.   
Frankfurters were evaluated on an unstructured 15-cm line scale for the following 
sensory attributes:  cured frankfurter aroma, cured frankfurter flavor, chewiness, firmness, 
off-flavor, exterior darkness, and interior darkness and pinkness.  Panelists were presented 
with two pieces per treatment and asked to bite through the cut end of the frankfurter, using 
the molars to determine texture attributes.  Treatment order was randomized each session and 
samples were assigned with a random three-digit blinding code before being presented to the 
panelists.  The use of human participants as sensory panelists for this study was reviewed and 
approved in advance by the Iowa State University Institutional Review Board (Appendix C). 
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Microstructure 
Frankfurter samples were sectioned into slices 10 μm in thickness using a Leica 
CM1850 cryostat (Leica Biosystems, Wetzlar, Germany).  Slices were placed on 25 x 75 x 1 
mm FisherBrand glass slides (Model #12-552-3, Fisher Scientific, Waltham, MA) and 
stained with toluidine blue stain for proteins.  A cover slip was placed over the sample and 
magnified at 10X using a light microscope (Olympus BX40, Leeds Precision Instruments 
Inc., Minneapolis, MN).  Micrographs were collected using AxioVision Microscopy LE 
software (Release 4.8, Carl Zeiss AG, Oberkochen, Germany).   One frankfurter per 
treatment was observed, and ten images were taken from each frankfurter.  Images were 
analyzed for size and frequency of fat globules using ImageJ analyzing software (ImageJ for 
Windows, 64-bit Java 1.6.0_112, NIH).   
 
Statistical analysis 
The study was replicated three times, with each replication corresponding to a 
different manufacturing day.  Data were analyzed using PROC MIXED by the Statistical 
Analysis Software (SASv9.4, SAS Institute, Cary, NC, USA).  The model used treatment, 
replication, time, and treatment x time as fixed effects, and replication by treatment as the 
random effect.  The random effect was accounted for using an autoregressive error model. 
Differences between treatments and within treatments over time were determined using the 
Tukey-Kramer pairwise comparison method with significance at P < 0.05.  Treatment x time 
interaction was not significant for color, instrumental texture values, or sensory data; as such, 
the different time points for these attributes were averaged and a single value was reported. 
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Results & Discussion 
 
Proximate analysis, emulsion stability, and yields 
Replacing pork fat with soybean oil or oleogels did not influence moisture content or 
lipid content of the final product, but protein content was affected (Table 5).  Similar lipid 
content was expected since all treatment formulas were adjusted to target a lipid content of 
20% in the final product.  If pork backfat was replaced with oleogels or soybean oil on a 1:1 
weight basis, the final lipid content would have been higher in treatments which utilized an 
animal fat replacement because pork backfat has more moisture and ash, and oils are almost 
exclusively lipid (Álvarez et al., 2011).   
 
As for protein, PF had significantly (P < 0.05) less protein content than SBO and 
2.50RBW.  These differences may be attributed to the increased lean muscle required in 
soybean oil and oleogel treatments to target similar lipid content in the final product.  
However, SBO also had a higher protein content than RBW/LS and 10 RBW (P < 0.05), 
despite using the same amount of lean meat in the formula.  While there are statistical 
differences between treatments for protein content, the range of protein content across all five 
Table 5.  Means for effect of treatment on proximate composition, emulsion stability, and 
cook/chill yield.  
 
Moisture Lipid Protein Emulsion Stability Yield 
 % % % % % 
PF 60.25a 21.27a 14.05c 98.51a 87.9a 
SBO 59.35a 20.65a 14.63a 98.38a 86.6a 
2.5 RBW 59.48a 20.69a 14.54ab 98.92a 88.7a 
10 RBW 59.68a 20.48a 14.27bc 98.76a 88.2a 
RBW/LS 59.64a 19.86a 14.32bc 99.08a 88.1a 
S.E.M. 0.58 3.09 0.03 0.42 1.6 
a-cDifferent letters within columns indicate significant differences (P < 0.05). 
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treatments is 0.58%, which is practically very small.  Since proteins are calculated as a 
percentage, slight differences in cook yields can affect protein content (Morin, Temelli, & 
McMullen, 2002).  Typical protein content in frankfurters is highly variable.  Some reduced 
fat frankfurters may have protein as high as 17% (Delgado-Pando et al., 2010).  Mortadella, 
another finely-comminuted meat product, may  have protein content of approximately 16% 
(Morais et al., 2013).  Successful meat emulsions can be made with as little as 8% protein, 
but it will lead to more exudate during cooking when compared to emulsions made with 11% 
or 14% protein (Youssef & Barbut, 2010). 
Pork fat, soybean oil, and oleogels did not influence the technological quality of the 
raw frankfurter batter, as indicated by high emulsion stability values (Table 5).  Emulsion 
stabilities are reported as the percentage of weight remaining after the raw frankfurter batter 
was cooked.   Hence, a higher emulsion stability percentage indicates a more stable 
emulsion.  The purge which separated from the cooked emulsions when conducting emulsion 
stability analysis only consisted of moisture; lipid loss was negligible.  There were no 
significant differences in emulsion stabilities, and all treatments produced robust meat 
emulsions.  This indicates high potential for a successful product that would not lend itself to 
poor yields or fatting out.   Meat processors may believe that vegetable oil negatively impacts 
a meat batter’s robustness, but as shown by our results, Álvarez et al. (2011) and Youssef & 
Barbut (2009), replacing pork fat with vegetable oil does not lead to more water or fat 
separation upon heating.  The literature may show that vegetable oil does not hurt the 
emulsion stability of finely-comminuted meat products because frankfurter production in 
research usually takes place under closely-monitored conditions and utilizes high-quality 
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meat materials with adequate protein functionality.  These ideal conditions lend themselves 
to producing successful products despite obstacles such as substitution with vegetable oil. 
Moisture loss during cooking and chilling are important considerations for meat 
processors because poor yields can lead to economic losses.  PF, SBO, 2.5 RBW, 10 RBW, 
and RBW/LS all had similar cook/chill yields, approximately 87% (Table 5).  A cook/chill 
yield of 88% was anticipated and accounted for when targeting a lipid content of 20% in the 
final product.  Barbut et al. (2016a), showed smokehouse yields for beef frankfurters to be 
similar for frankfurters made with beef fat and those made with oleogels produced with 
canola oil and 10% or 12% of ethylcellulose.  Another study showed cook yields in beef 
frankfurters to be improved by utilizing ethylcellulose oleogels, as the cook yields were the 
greatest for the frankfurters with the most amount of oleogel substitution (Barbut et al., 
2016b).   
 
 
Instrumental and sensory color evaluation 
 
Table 6 shows the values for instrumental and sensory color evaluation.  There were 
no differences in time or a treatment x time interaction for color values, as such, the data 
from all time points were averaged to obtain a single estimate for each color attribute.  In 
general, frankfurters produced with pork fat had a darker, redder internal color when 
compared to other treatments.  There was no difference in internal L* values between PF and 
RBW/LS; however, PF was significantly (P < 0.05) darker than all other treatments, as 
indicated by a lower L* value.   
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Frankfurters produced with pork fat were redder than all other treatments.  PF internal 
a* value was significantly (P < 0.05) greater when compared to frankfurters produced with 
soybean oil and oleogels.  Replacing pork fat with oleogels or soybean oil did not change the 
yellowness of the frankfurters, and RBW/LS was significantly (P < 0.05) more yellow than 
2.50RBW and SBO.   
Álvarez et al., (2011), noted that replacing pork backfat with canola oil and olive oil 
resulted in frankfurters which were lighter, less red, and more yellow, according ot L*, a*, 
and b* measurements.  Similarly, Panagiotopoulou, Moschakis, & Katsanidis (2016), showed 
that replacing pork backfat in frankfurters with oleogels made with sunflower oil and γ-
oryzanol and phytosterols produced lighter, less red frankfurters.  Additionally, Barbut et al. 
(2016a) showed that approximately 70% of beef fat replacement in frankfurters with 
ethylcellulose oleogels resulted in a reduction in the redness of the frankfurters, and Barbut et 
al. (2016b) showed that redness was reduced when as little as 20% of the beef fat was 
replaced in frankfurters with ethylcellulose oleogels.  Similar to the present study, Barbut et 
al. (2016b) also observed an increased brightness of frankfurters when as little as 20% of 
beef fat was replaced with ethylcellulose oleogels, but Barbut et al. (2016a) did not observe 
Table 6.  Means for effect of treatment on instrumental internal color measurements and 
descriptive sensory color of frankfurters.    
L*    a* b* 
Darkness-
internal 
Pinkness-
internal 
Darkness-
external 
PF 74.38a 7.81b 13.27ab 12.3b 12.6b 12.5b 
SBO 78.73b 6.51a 12.95a 5.8a 6.3a 7.6a 
2.5 RBW 79.84b 6.08a 13.00a 4.0a 4.5a 5.7a 
10 RBW 78.86b 6.24a 13.31ab 5.9a 5.9a 6.0a 
RBW/LS 77.39ab 6.73a 13.45b 7.4ab 7.8ab 7.8a 
S.E.M. 0.08 0.20 0.08 0.7 1.0 0.7 
a-cDifferent letters within columns indicate significant differences (P < 0.05). 
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this change of L* value.  The difference between these two studies could be the use of 
sorbitan monostearate as a surfactant in Barbut et al. (2016b).   
For sensory color evaluation, PF was confirmed as darker and pinker than all other 
treatments (P < 0.05), with the exception of RBW/LS.  Internally, PF was determined to be 
pinker than all other treatments and darker than SBO, 2.5 RBW, and 10 RBW.  For external 
color, sensory panelists concluded that PF was darker than all other treatments.  Sensory 
internal color evaluation aligned with instrumental color measurements for lightness.  PF was 
determined to be the highest in sensory darkness score and showed the lowest L* value.  PF 
also had one of the highest internal sensory pinkness scores, and it also had the greatest a* 
value.  Panagiotopoulou et al. (2016) reported that untrained consumer panelists noted a 
decrease in color acceptability for frankfurters produced with oleogels. 
 
Instrumental texture 
Incisor puncture probe 
 Figure 1 shows the values for incisor puncture probe analysis.  There were no 
significant differences (P > 0.05) in time or a treatment x time interaction for incisor 
puncture probe, as such, the data from all time points were averaged to obtain a single 
estimate for incisor puncture probe values.  It took more force to puncture frankfurters which 
utilized soybean oil or oleogels.  PF significantly (P < 0.05) had the smallest incisor peak 
force, 975.79 g, and required approximately 30% less force than SBO, 2.5 RBW, and 10 
RBW which required 1251.26 g, 1254.99 g, and 1211.17 g of force, respectively.  RBW/LS 
tended (P = 0.0518) to have a greater incisor peak force, 1128.71 g, than PF, and was not 
significantly different from other treatments. 
60 
Incisor force area followed a similar pattern to the incisor peak force values.  PF had 
significantly (P < 0.05) less incisor force area than the treatments which replaced pork fat.  
PF had an estimated incisor force area of 1274.34 g/s, whereas SBO was 1974.58 g/s, 
2.50RBW was 1942.91 g/s, 10 RBW was 1791.66 g/s, and RBW/LS was 1744.05 g/s.  This 
increase in force required to puncture the frankfurters could be the result of the lipid globules 
within the frankfurter since the smaller fat globules means the incisor probe must traverse 
more layers of proteins.  It can be speculated that the incisor force values are a function of 
the strength of the skin and how readily the internal cooked meat emulsion yields to force.  
Another texture measurement that may also rely on these two parameters is shear force, 
Barbut et al. (2016b) showed the greatest amount of force was necessary to shear frankfurters 
made with canola oil, which required more force than either beef fat or ethylcellulose 
oleogels, but ethylcellulose oleogel frankfurters still required more force than beef fat, even 
when only 20% of the beef fat was replaced with the oleogel.  Barbut et al. (2016a) showed 
shear force was the greatest in beef frankfurters which utilized canola oil as a fat 
replacement, and there was no significant difference in shear force values for frankfurters 
which used beef fat and those which used oleogels produced with greater than 10% 
ethylcellulose.  This could be due to the strength of the oleogel and its ability to remain intact 
throughout frankfurter processes, as the weaker oleogels produced with 8% ethylcellulose 
resulted in frankfurters with greater shear force than beef fat.  
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Texture profile analysis 
Table 7 shows the values from TPA.  There were no differences in time or a treatment 
x time interaction for TPA attributes, as such, the data from all time points were averaged to 
obtain a single estimate for TPA characteristics.  PF, 2.5 RBW, 10 RBW, and RBW/LS were 
all similar in firmness, whereas SBO was not as firm as PF.  PF and 10 RBW were both 
significantly (P < 0.05) firmer than SBO.  This is in accordance with other literature which 
stated that firmness was similar in frankfurters that had pork fat partially replaced with 
phytosterol oleogels (Panagiotopoulou et al., 2016).  Morais et al. (2013) also reported a 
higher TPA initial compression force on a room-temperature finely-comminuted meat 
product that replaced pork fat with vegetable oil.  These studies and the present study directly 
contradict other studies that found frankfurters made with vegetable oils to be firmer than 
those made with animal fats (Barbut et al., 2016a; Barbut et al., 2016b, Youssef & Barbut, 
2009).  Oil-in-water emulsions used to replace animal fats in frankfurters have also resulted 
Figure 1.  Influence of pork fat replacement on incisor probe peak force (A) and incisor force 
area (B) of frankfurters.   Treatments with different letters differ significantly (P < 0.05).  Error 
bars represent S.E.M. Incisor peak force S.E.M. = 31.5.  Incisor force area S.E.M. = 57.7. 
 
A B 
a 
b b b 
ab 
a 
b b 
b b 
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in firmer frankfurters (Carmona et al., 2011; Jimenez-Colmenero et al., 2010; Delgado-Pando 
et al., 2010).  This could be the result of different preparation methods; for instance, Barbut 
et al. (2016b) used samples produced from frankfurter batter cooked in propylene tubes to do 
TPA; whereas the samples in the present study were analyzed as skin-on frankfurters at room 
temperature.    
 
PF was significantly (P < 0.05) more adhesive than 2.5 RBW and 10 RBW.  SBO and 
RBW/LS showed the same adhesiveness as PF.  Adhesiveness is the stickiness of a substance 
to other surfaces, and the increased adhesion of frankfurters in the TPA results could be a 
function of the cut edge resulting in voids or pockets where the fat globules were, and the 
compression of the probe turns these voids into a vacuum environment, which causes it to 
adhere to the probe.  This hypothesis aligns with the percent area of visible fat in the 
microstructure data (Table 8), which showed PF, SBO, and RBW/LS as having the most area 
of fat globules and voids.  Adhesiveness is not often reported in papers, but Morais et al. 
(2013) found that adhesiveness of mortadella sausage made with soybean oil was decreased.   
There were significant differences in resilience (P < 0.05) (Table 7).  PF showed the 
highest resilience, followed by SBO, 2.5 RBW, RBW/LS, then 10 RBW.  Resilience is a 
Table 7.  Means for effect of treatment on instrumental texture values of frankfurters. 
 Firmness 
Adhesive-
ness 
Resilience 
Cohesive-
ness 
Chewiness 
Springi-
ness 
 g   g/s % %  % 
PF    7099bc    -22.43b    39.73e    72.79bc    4908ab    94.94ab 
SBO    6330a    -14.83ab    39.07d    74.08c    4510a    96.08c 
2.5 RBW    6893ab    -10.32a    38.22c    73.00bc    4789ab    95.20b 
10 RBW    7650c    -10.26a    35.56a    70.42a    5076b    94.16a 
RBW/LS    6617ab    -18.81ab    37.37b    72.46b    4541a    94.73ab 
S.E.M.    146.7    2.153    0.134    0.271    109.3    0.167 
a-cDifferent letters within columns indicate significant difference (P < 0.05). 
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measure of how a sample exerts force to regain its original shape.  This may be because 
oleogels are more plastic in their nature and, as such, may be more disrupted during the 
primary stroke of the TPA, unlike the elastic nature of pork fat, which will return to its 
original shape once compressed.  Panagiotopoulou et al. (2016) used phytosterol oleogels as 
a pork fat replacement as a means to improve fatty acid profile in frankfurters, and they 
showed resilience was not impacted by the substitution, but that study only replaced 20% of 
the pork fat, while in this study, frankfurters were almost entirely devoid of animal fat. 
The only treatment which significantly (P < 0.05) differed in cohesiveness from the 
PF control was 10 RBW, which was less cohesive.  Cohesiveness is the ratio of the force of 
the second compression to the force of the first compression.  The increased firmness of 
10lRBW, coupled with the disruption of the gel in the frankfurter which weakens the 
frankfurter for the second compression, could have worked synergistically to increase the 
cohesiveness value of 10 RBW.  Panagiotopoulou et al. (2016) did not find a difference in 
cohesiveness among frankfurters when 20% of pork fat was replaced with oleogels.  Oil-in-
water emulsions have shown to not influence cohesiveness in frankfurters (Delgado et al., 
2010; Cofrades et al., 2013), but others have shown oil-in-water emulsions to decrease 
cohesiveness in frankfurters (Jimenez-Colmenero, et al., 2010). 
For chewiness, all treatments were similar to the PF control (Table 7).  This agrees 
with Zetzl et al. (2012), Delgado-Pando et al. (2010), and Cofrades et al. (2013), who 
reported that animal fat replacement with oleogels or oil-in-water emulsion strategies can 
effectively reproduce the chewiness of animal fat frankfurters.  However, changes in 
chewiness from the control was a concern in the present study because some literature found 
oil and oil-in-water emulsion replacements in frankfurters to increase chewiness (Barbut et 
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al., 2016a; Barbut et al., 2016b; Jimenez-Colmenero et al., 2010).  Additionally, the 10 RBW 
treatment had significantly (P < 0.05) higher chewiness values than SBO and RBW/LS.   
Oleogels are effective at mimicking the springiness of the PF control (Table 7).  PF 
was not significantly different from 2.5 RBW, 10 RBW, or RBW/LS.  However, PF and the 
oleogel treatments were significantly (P < 0.05) less springy than SBO.  This increase in 
springiness of frankfurters made with vegetable oil has been previously noted (Youssef & 
Barbut, 2010). 
 
Lipid oxidation 
 Lipid oxidation remained steady over time for all treatments (Fig. 2).  This can be 
expected since sodium nitrite is a potent antioxidant.  Lipid oxidation values for PF, SBO, 
and 2.5 RBW did not differ significantly.  Additionally, RBW/LS was similar in oxidation to 
PF throughout shelf-life, with the exception of day 42.  The 10 RBW treatment had 
significantly (P < 0.05) greater TBA values than PF at every time point.  This may indicate 
that the 10% rice bran wax oleogel had more lipid oxidation than pork fat before it was used 
in frankfurters, and that the lipid oxidation reaction was stifled by antioxidant ingredients 
once inside the frankfurters.  10 RBW also had significantly (P < 0.05) greater TBA values 
than SBO on days 0, 42, 70, and 84.  Since exposure to heat can accelerate lipid oxidation, 
this could have resulted from the longer heating time required to dissolve the wax in the oil 
when making the 10% RBW oleogels.  Despite these differences, TBA values never 
exceeded 0.201 mg/kg for any treatments at any time, which is well beneath the threshold of 
concern in these types of products.  It is widely accepted that a TBA value of 1.0 mg/kg or 
less is still organoleptically acceptable (Ockerman, 1985).  
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The present results agree with Álvarez et al. (2011) who found similar TBA values 
for frankfurters produced with pork backfat (0.160 mg/kg) and those produced with canola 
oil (0.168 mg/kg).  Choi et al. (2010) found that different oils increase oxidation levels of 
frankfurters.  Soybean oil was more prone to oxidation than pork backfat, olive oil, grape 
seed oil, corn oil, and canola oil in frankfurters.   
 
 
 
* * 
* * 
* 
* * * 
* 
Figure 2.  TBA values at eight time points indicating lipid oxidation of frankfurters 
produced with pork fat (PF), soybean oil (SBO), oleogel made with 2.5% rice bran wax 
(2.5 RBW), oleogel made with 10% rice bran wax (10% RBW), and oleogel made with 
2.5% rice bran wax and sheared less during frankfurter production (RBW/LS). 
(*)lIndicates significant difference from PF.  Error bars indicate S.E.M. (0.011). 
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Sensory 
 Although cured frankfurter aroma was the same for all treatments, cured frankfurter 
flavor was significantly (P < 0.05) reduced when pork fat was replaced (Fig. 3). Saltiness 
perception was significantly (P < 0.05) less for SBO as compared to PF, despite all 
treatments being formulated with the same salt content, but there were no other differences 
noted in saltiness for other treatments.  No differences in aroma or taste acceptability were 
noted in Panagiotopoulou et al. (2016) when up to 20% of animal fat was replaced with 
phytosterol oleogels.  Choi et al. (2010) found flavor unchanged when 50% of pork backfat 
was replaced with soybean oil in frankfurters.  Morais et al. (2013) reported that replacing 
pork fat with 50% soybean oil in mortadella decreased flavor desirability.  Differences may 
have been found in the present study because of the training of the panelists, or the complete 
replacement of animal fat which made differences more extreme.  
 There were no significant increases in off-flavors as a result of pork fat replacement, 
but there was a tendency (P = 0.0935) for 10% RBW to be greater in off flavors than PF.  
Noted flavors from the panelists included “plastic” or “grassy”.  The panelists may have been 
picking up on the flavor of the rice bran wax.  Delgado-Pando et al. (2010), also noted that 
oil-based alternatives to animal fat in frankfurters did not lead to increased off-flavors 
according to sensory evaluation. 
 Sensory panelists were able to partition frankfurters made with pork fat and those 
made without pork fat based on texture differences.  Oleogel treatments and the soybean oil 
treatment were significantly (P < 0.05) firmer and more chewy than frankfurters produced 
with pork fat.  These results are in contradiction with the TPA results, where PF was firmer 
than SBO but did not differ from oleogel treatments, and there were no differences for 
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chewiness between PF and other treatments.  In both sensory analysis and TPA, product was 
analyzed with the skin on, along the cut surface.  This could mean that TPA is not a direct 
relationship to what consumers perceive, or this may be impacted by the fact that TPA was 
performed at room temperature frankfurters, whereas sensory panelists were presented with 
heated product.  The sensory firmness values better aligned with the values derived from 
using the incisor probe.  Firmness and chewiness were influenced strongly by day (P < 
0.0001), which indicates that human error may have influenced the perceived differences 
over time (data shown in Appendix), especially since these differences were not seen in the 
instrumental texture values.  Other animal fat replacements such as oil-in-water emulsions 
have also shown to increase firmness of frankfurters according to sensory evaluation 
(Delgado-Pando et al., 2010).  The data from the present study disagrees with Barbut et al. 
(2016a) and Barbut et al. (2016b), who reported frankfurters made with ethylcellulose 
oleogels were less firm than those containing vegetable oil, and oleogel frankfurters and beef 
fat frankfurters were similar in firmness.  In those studies, oleogel substitution never 
exceeded 80% of the lipid portion of the frankfurter, whereas the present study replaced 
essentially all of the animal fat.  Additionally, those studies were carried out with beef 
frankfurters made with ethylcellulose oleogels.  Also in disagreement with the present study, 
Barbut et al. (2016c) showed ethylcellulose oleogel replacement resulted in decreased 
firmness according to trained sensory panelists in breakfast sausages.  Panelists’ training and 
different processing may have accounted for some discrepancies.  In the present study, no 
differences in mouth-coating were detected between treatments (Appendix Table R). 
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Figure 3.  Influence of pork fat replacement on the sensory evaluation of aroma (A), 
flavor (B), saltiness (C), off-flavor (D), firmness (E), and chewiness (F) of 
frankfurters.  Treatments with different letters differ significantly (P < 0.05).  Error 
bars represent S.E.M. Frankfurter aroma S.E.M. = 0.765.  Frankfurter flavor S.E.M. = 
0.415. Saltiness S.E.M. = 0.122.  Off-flavor S.E.M. = 0.133.  Firmness S.E.M. = 
0.434.  Chewiness S.E.M. = 0.377. 
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Microstructure 
Samples of microstructure images are shown in Fig. 4, and image analysis data are 
shown in Table 8.  Microstructure analysis revealed that the PF control had the largest fat 
globules (P < 0.05).  Most treatments had many small fat globules, but PF and 10 RBW had 
49.9% of fat globules, and 53.3% fat globules, respectively, that were larger than 100 μm2 in 
area.  They had a significantly (P < 0.05) larger proportion of fat globules over 100 μm2 than 
SBO, 2.5 RBW, and RBW/LS, which had 28.0%, 36.7%, and 30.8%, respectively.  This may 
indicate that increasing the rice bran wax gelator in the oleogel resulted in a stronger oleogel 
which could better withstand shear during the frankfurter preparation.   
 It was also evident when looking at the micrographs that the oleogel treatments 
appeared to have fewer visible fat globules than PF or SBO (Fig 4).  According to the image 
analysis software, 14.46% of the area of the image consisted of lipid for PF, which was 
significantly (P < 0.05) more than 2.5 RBW and 10 RBW where 2.65% and 6.88% of the 
area in the micrographs were visible fat.  However, PF did not differ from SBO or RBW/LS, 
which could indicate that either the oleogels break into pieces that are too small for the 
software to detect, or it could relate to the ability of the oleogel to dissolve into the protein 
phase of the emulsion because of the hydrophilic nature of some of the constituents in the 
rice bran wax.  Reducing shear, such as the case with the RBW/LS treatment, may help keep 
the oleogel more intact and prevent it from associating with the hydrophilic protein phase.  
Barbut et al. (2016a) also presented micrographs which showed beef fat frankfurters to have 
noticeably larger fat globules than frankfurters made with native canola oil, and the 
micrographs of frankfurters produced with ethylcellulose oleogels appeared to be more 
similar to the beef fat frankfurters.  
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Figure 4.  Light micrographs of cross sections of frankfurters produced with A) PF; B) 
SBO; C) 2.5 RBW; D) 10 RBW; E) RBW/LS.  Protein phase of the cooked frankfurter 
emulsions were stained with toluidine blue and magnified 10X. 
200 µm 200 µm 
200 µm 200 µm 
200 µm 
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Table 8.  Fat globule size and distribution of frankfurters made with pork fat (PF), soybean 
oil (SBO), 2.5% rice bran wax oleogel (2.50RBW), 10% rice bran wax oleogel (10 RBW), 
and 2.5% rice bran wax oleogel with less shear during frankfurter preparation (RBW/LS)  
Average number 
of fat globules 
per field 
Fat globule 
average size 
(μm2) 
Number of fat 
globules larger 
than 100 μm2 
Fat globules 
larger than 100 
μm2 (%) 
Area of 
visible fat in 
the field (%) 
 
PF 62.2a 1467.7b 32.2a 49.9b 14.46c 
SBO 536.2c 113.9a 149.8c 28.0a 10.04bc 
2.5 RBW 106.0a 193.5a 32.2a 36.7a 2.65a 
10 RBW 87.0a 559.6a 46.8a 53.3b 6.88ab 
RBW/LS 338.0b 216.0a 103.6b 30.8a 10.34bc 
S.E.M. 72.3 324.4 20.8 5.7 2.47 
a-cDifferent letters within columns indicate significant difference (P < 0.05). 
 
 
Conclusions 
The results of this study demonstrated the potential of oleogel technology to provide 
an alternative to animal fat in processed meat products.  Pork fat, soybean oil, and oleogel 
frankfurters all maintained acceptable quality for the duration of the 98-d shelf life.  Oleogels 
and soybean oil as a fat substitute resulted in frankfurters with acceptable technological 
quality, as indicated by similar emulsion stability and cook/chill yields as the pork fat 
control.  Furthermore, lipid oxidation for all treatments was maintained beneath the 
commonly-accepted sensory threshold for the entirety of the shelf-life period.   Although 
oleogel treatments were unable to imitate the texture of frankfurters made with pork fat, as 
indicated by the sensory evaluation scores and the incisor probe analysis, even the weakest 
oleogel matched TPA firmness and springiness of pork fat frankfurters, something that the 
soybean oil could not do.  TPA also revealed that oleogels and soybean oil were able to 
match pork fat in adhesiveness, cohesiveness, and chewiness.  Both sensory evaluation 
scores and instrumental color measurement showed that pork fat replacement resulted in 
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lighter and less red frankfurters, but it is important to note that the differences were not 
extreme enough to make any products visually unappealing.   
The final property which was examined was the microstructure of each of the 
treatments, and even though all treatments were formulated with the same lipid content, 
oleogel treatments had less microscopically visible fat, with the exception of the oleogel 
treatment which sheared the oleogel less during frankfurter processing.  Also, increasing the 
inclusion of rice bran wax resulted in a stronger oleogel which had the same percentage of fat 
globules over 100 μm2 as the pork fat control, which no other treatment was able to achieve.  
Future research should examine the influence that meat processing procedure variations may 
have on the texture attributes of meat products with animal fat substitutes.  As shown by the 
RBW/LS treatment in the microstructure data, treating these gels as we would adipose tissue 
may not be the best approach to simulate the microstructure, and subsequently the texture, of 
traditional animal fat products.   
These results indicated that rice bran wax oleogels produced acceptable processed 
meat products which, in some regards, were similar to conventional products which contain 
pork fat.  In a commercial setting where processing and raw materials are not ideal, the solid, 
fat-like oleogel may have better technological quality than soybean oil.  However, the color 
measurements and sensory evaluation of flavor and texture indicated that oleogels performed 
more similarly to the soybean oil frankfurters.  This means that the extra step of gelling the 
oil prior to use in finely-comminuted products may not be necessary nor justifiable.  On the 
other hand, in coarsely-ground products where lipid and lean phases are discernable in the 
final product by consumers, the fat-like appearance of oleogels may make them more 
desirable than native oil as an animal fat alternative.  This study showed the ability of rice 
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bran wax oleogels to withstand high-shear processing, maintain technological quality, and 
remain beneath an acceptable lipid oxidation threshold, so although oleogels may not be 
necessary for products such as bologna or frankfurters, coarsely-ground products may benefit 
from this animal fat alternative.  Furthermore, all treatments maintained steady texture 
attributes throughout shelf-life, indicating that the oleogels within the frankfurters retained 
their structure for the entirety of 98-days, which also shows the potential of rice bran wax 
oleogels in processed foods.  Future research should look at the effects of oleogels in 
coarsely-comminuted meat products, both fully-cooked and fresh, as these products can also 
gain consumer appeal from altered fatty acid profiles and health benefits.   
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CHAPTER IV 
GENERAL CONCLUSIONS 
 
 Fats and oils are more than just energy sources for the body.  They make up the cell 
walls, are precursors to hormones, enable digestion, signal satiety, are constituents in many a 
biological pathway, and as such, are absolutely necessary in a complete diet.  It is important 
to note, that not all lipids have the same biological properties or health impacts.  Unsaturated 
fatty acids have been more effective than saturated fatty acids at improving cardiovascular 
health, improving immune function, and eliciting satiation.  Unfortunately for meat products, 
animal fat is not rich in unsaturated fatty acids, and as such there is opportunity to modify 
these products and alter the health implications of consuming them. 
 Replacing animal fat with oils, which are abundant in unsaturated fatty acids has been 
a challenge in processed meat products.  Animal fat provides products with a distinctive 
flavor, a rich juiciness, and a distinguishing texture.  Most fat substitution technologies have 
fallen short of matching these characteristics, especially in regards to texture.  One relatively 
novel fat substitution involves taking liquid oil and gelling it, this technology is referred to as 
oleogel.  Oleogels can be produced using any type of oil, which allows manipulation of the 
fatty acid profile.  In order for oleogels to be utilized in commercial products, their properties 
within processed meats must be characterized.  This study demonstrated the impact that rice 
bran wax oleogels as a pork fat replacement has on the shelf-life stability and organoleptic 
properties of further-processed meat products. 
 The results of the current study demonstrated that the substitution of pork fat with rice 
bran wax oleogels in frankfurters has the potential to produce acceptable product which 
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remains stable for up to 98 days.  The frankfurters produced with oleogels had similar 
processing characteristics, lipid oxidation rate, and TPA texture values as those produced 
with pork fat.  As a result, oleogels have shown promise as an animal fat replacement in 
processed meat products. 
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APPENDIX A 
TABLES FOR DIFFERENCES WITHIN TREATMENTS OVER TIME 
 
Incisor Puncture Probe 
Table A.  Mean incisor peak force (g) of frankfurters for each treatment at each time point. 
 
Day 0 Day 14 Day 28 Day 42 Day 56 Day 70 Day 84 Day 98 
PF 958.7a 979.9a 1000.0a 954.3a 991.7a 1008.9a 980.0a 933.0a 
SBO 1265.9b 1205.6b 1262.5b 1278.1b 1289.9b 1280.6b 1239.1b 1188.4b 
2.5 RBW 1253.7b 1254.6b 1273.7b 1295.2b 1270.9b 1190.3ab 1226.3b 1275.2b 
10 RBW 1241.5b 1151.5ab 1237.2b 1259.7b 1210.5ab 1198.4ab 1218.1b 1172.3b 
RBW/LS 1155.0ab 1114.5ab 1153.3ab 1099.8ab 1185.8ab 1093.3ab 1093.4ab 1134.5ab 
a-cDifferent letters within columns indicate significant differences (P < 0.05). 
S.E.M. = 55.3 
 
Table B.  Mean incisor force area (g/s) of frankfurters for each treatment at each time 
point.  
Day 0 Day 14 Day 28 Day 42 Day 56 Day 70 Day 84 Day 98 
PF 1270.2a 1277.7a 1342.2a 1216.2a 1255.7a 1343.2a 1293.6a 1196.0a 
SBO 2026.2b 1849.6b 1954.7b 2020.5b 2074.5b 2065.9c 1964.2b 1840.9b 
2.5 RBW 1925.1b 1992.5b 2021.1b 2047.5b 1968.7b 1730.5abc 1896.0b 1962.0b 
10 RBW 1908.0b 1694.2b 1815.8b 1814.1b 1834.4b 1744.1bc 1841.9b 1680.8b 
RBW/LS 1817.7b 1758.5b 1775.4b 1715.5b 1841.8b 1653.2b 1644.1ab 1746.3b 
a-cDifferent letters within columns indicate significant differences (P < 0.05). 
S.E.M. = 100.5 
 
Texture Profile Analysis 
Table C.  Mean TPA firmness (g) of frankfurters for each treatment at each time point. 
 
Day 0 Day 14 Day 28 Day 42 Day 56 Day 70 Day 84 Day 98 
PF 6439abx 7032abxy 7546by 7208bxy 7389abxy 6639axy 7385xy 7155xy 
SBO 5869a 6325a 6298a 6016a 6380a 6513a 6599 6644 
2.5 RBW 6413ab 6901ab 6920ab 7049ab 6967ab 6764a 7209 6917 
10 RBW 7198b 7590b 7648b 7817b 7746b 7984b 7500 7715 
RBW/LS 6762ab  6211a 6447a 6240a 6722ab 6835a 6859 6859 
a-cDifferent letters within columns indicate significant differences (P < 0.05). 
x-zDifferent letters within rows indicate significant differences (P < 0.05). 
S.E.M. = 277.9 
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Table D.  Mean adhesiveness (g) of frankfurters for each treatment at each time point. 
 
Day 0 Day 14 Day 28 Day 42 Day 56 Day 70 Day 84 Day 98 
PF -11.82x -14.41xy -26.33xy -28.06xy -12.89x -24.99xy -21.11abxy -39.80ay 
SBO -7.68 -14.77 -6.49 -24.34 -4.66 -9.64 -29.71a -21.35ab 
2.5 RBW -1.98 -5.31 -11.96 -11.54 -20.32 -11.61 -7.29ab -12.54b 
10 RBW -2.87 -2.85 -12.86 -9.25 -13.20 -16.71 -6.40b -17.93ab 
RBW/LS -6.80 -16.18 -22.49 -16.11 -12.81 -30.86 -21.60ab -23.61ab 
a-cDifferent letters within columns indicate significant differences (P < 0.05). 
x-zDifferent letters within rows indicate significant differences (P < 0.05). 
S.E.M. = 5.88 
 
Table E.  Mean resilience (%) of frankfurters for each treatment at each time point. 
 
Day 0 Day 14 Day 28 Day 42 Day 56 Day 70 Day 84 Day 98 
PF 39.58d 39.16d 39.42d 39.48d 40.06d 40.13d 39.87d 40.13d 
SBO 38.95d 38.78d 39.22d 38.82d 39.21d 39.21d 39.30d 39.05d 
2.5 RBW 37.93c 37.84c 38.07c 38.40cd 38.06c 38.28c 38.64cd 38.52c 
10 RBW 35.09a 35.93a 35.68a 35.15a 35.24a 35.67a 35.72a 35.98a 
RBW/LS 36.82bc 37.41bc 37.38bc 37.52bc 37.44bc 37.37bc 37.42bc 37.61bc 
a-cDifferent letters within columns indicate significant differences (P < 0.05). 
S.E.M. = 0.3194 
 
Table F.  Mean cohesiveness of frankfurters for each treatment at each time point. 
 
Day 0 Day 14 Day 28 Day 42 Day 56 Day 70 Day 84 Day 98 
PF 0.72bcd 0.72ab 0.72ab 0.72ab 0.74b 0.73c 0.73ab 0.73b 
SBO 0.74de 0.73b 0.74b 0.74b 0.74b 0.74c 0.74b 0.74b 
2.5 RBW 0.73bcde 0.73b 0.73ab 0.74b 0.73b 0.73bc 0.73ab 0.73b 
10 RBW 0.70ab 0.70a 0.71a 0.72a 0.70a 0.70a 0.71b 0.72a 
RBW/LS 0.71abcd 0.73b 0.73ab 0.73ab 0.72b 0.72ab 0.73ab 0.73b 
a-cDifferent letters within columns indicate significant differences (P < 0.05). 
S.E.M. = 0.005 
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Table G.  Mean springiness (%) of frankfurters for each treatment at each time point. 
 
Day 0 Day 14 Day 28 Day 42 Day 56 Day 70 Day 84 Day 98 
PF 94.51ab 94.68ab 94.81ab 94.84 95.71ab 95.00ab 94.97a 95.01ab 
SBO 95.46b 95.89b 96.03b 95.60 96.25b 96.43b 96.74b 96.27b 
2.5 RBW 94.53ab 94.48ab 95.19ab 95.59 95.23ab 95.40ab 95.45ab 95.76b 
10 RBW  93.37b 93.78a 93.94a 94.90 94.15a 94.66a 94.47a 94.01a 
RBW/LS 94.16ab 94.12a 94.31a 94.65 95.74b 94.91ab 95.10a 94.88ab 
a-cDifferent letters within columns indicate significant differences (P < 0.05). 
S.E.M. = 0.396 
 
Table H.  Mean chewiness of frankfurters for each treatment at each time point. 
 
Day 0 Day 14 Day 28 Day 42 Day 56 Day 70 Day 84 Day 98 
PF 4366x 4821abxy 5169y 4962abcxy 5177xy 4695xy 5121xy 4956xy 
SBO 4150 4463ab 4490 4273a 4558 4658 4747 4740 
2.5 RBW 4400 4740ab 4783 4971abc 4828 4723 5016 4850 
10 RBW 4672 5033b 5125 5235c 5096 5285 5017 5148 
RBW/LS 4550 4249a 4424 4285a 4688 4675 4714 4740 
a-cDifferent letters within columns indicate significant differences (P < 0.05). 
x-zDifferent letters within rows indicate significant differences (P < 0.05). 
S.E.M. = 194 
 
Instrumental Color Analysis 
Table I.  Mean internal L* value of frankfurters for each treatment at each time point. 
 
Day 0 Day 14 Day 28 Day 42 Day 56 Day 70 Day 84 Day 98 
PF 74.80a 74.74a 74.46a 74.51a 74.02a 74.14a 73.93a 74.41a 
SBO 79.20bxy 79.34bxy 79.28bx  78.21by 78.28bxy 78.11bxy 78.77bxy 78.64bxy 
2.5 RBW 80.61b 80.49b 80.00b 79.64b 79.73b 79.78b 79.27b 79.18b 
10 RBW 79.63b 79.56b 79.05b 78.84b 78.31b 78.80b 78.25b  78.41b 
RBW/LS  78.12b 77.97ab 77.97b 77.23ab 77.34b 77.17ab 76.32ab 77.01ab 
a-cDifferent letters within columns indicate significant differences (P < 0.05). 
x-zDifferent letters within rows indicate significant differences (P < 0.05). 
S.E.M. = 0.83 
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Table J.  Mean internal a* value of frankfurters for each treatment at each time point. 
 
Day 0 Day 14 Day 28 Day 42 Day 56 Day 70 Day 84 Day 98 
PF 7.62a 7.78a 7.87a 7.80a 7.90a 7.91a 7.89a 7.79a 
SBO 6.23b 6.38b 6.44b 6.72b 6.61b 6.61b 6.46b 6.63b 
2.5 RBW 5.80b 5.80b 6.10b 6.11b 6.09b 6.15b 6.29b 6.31b 
10 RBW 5.95b 6.07b 6.24b 6.30b 6.37b 6.16b 6.42b 6.37b 
RBW/LS 6.48b 6.52b 6.59b 6.89ab 6.74b 6.70b 6.96ab 6.92ab 
a-cDifferent letters within columns indicate significant differences (P < 0.05). 
S.E.M. = 0.24 
 
Table K.  Mean internal b* value of frankfurters for each treatment at each time point. 
 
Day 0 Day 14 Day 28 Day 42 Day 56 Day 70 Day 84 Day 98 
PF 12.85 13.04 13.23 13.31 13.53 13.42 13.41ab 13.36 
SBO 12.43x 12.63xy 12.75xy 13.33y 13.32y 13.24xy 12.83axy 13.09xy 
2.5 RBW 12.52x 12.58xy 12.79xyz 13.11xyz 12.99xyz 13.08xyz 13.37abyz 13.53z 
10 RBW 12.69x 13.03xy  13.09xy 13.49xy 13.57y 13.29xy 13.74y 13.56y 
RBW/LS 12.75x 13.14xy 13.22xyz 13.65yz 13.53xyz 13.51xyz 14.02bz 13.74yz 
a-cDifferent letters within columns indicate significant differences (P < 0.05). 
x-zDifferent letters within rows indicate significant differences (P < 0.05). 
S.E.M. = 0.24 
 
 
Sensory Analysis 
 
Table L. Mean cured frankfurter aroma of frankfurters for each 
treatment at each sensory time point.  
Day 42 Day 56 Day 70 Day 84 
PF 7.94 5.98 5.34 5.99 
SBO 4.50 5.01 2.75 4.16 
2.5 RBW 5.56 3.53 5.72 3.28 
10 RBW 4.52 5.27 5.14 4.90 
RBW/LS 4.43 3.29 5.06 3.93 
a-cDifferent letters within columns indicate significant 
differences (P < 0.05). 
S.E.M. = 1.24 
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Table M. Mean cured frankfurter flavor of frankfurters for each 
treatment at each sensory time point.  
Day 42 Day 56 Day 70 Day 84 
PF 7.86a 7.40a 6.86a 6.62a 
SBO 4.89b 4.29b 3.72b 3.74b 
2.5 RBW 4.93b 4.22b 5.39ab 3.35b 
10 RBW 4.04b 4.55b 4.50ab 4.10ab 
RBW/LS 4.87b 4.41b 5.02ab 3.98ab 
a-cDifferent letters within columns indicate significant 
differences (P < 0.05). 
S.E.M. = 0.6852 
 
Table N. Mean saltiness of frankfurters for each treatment at each 
sensory time point.  
Day 42 Day 56 Day 70 Day 84 
PF 3.43 3.13 3.07a 2.78 
SBO 3.11y 2.42xy 2.01bx 2.12x 
2.5 RBW 3.09x 2.94x  2.47abxy 1.98y 
10 RBW 2.51 2.95 2.47ab 2.94 
RBW/LS 2.71 3.06 2.68ab 2.52 
a-cDifferent letters within columns indicate significant 
differences (P < 0.05). 
S.E.M. = 0.235 
 
Table O. Mean off-flavors of frankfurters for each treatment at each 
sensory time point.  
Day 42 Day 56 Day 70 Day 84 
PF 0.207a 0.0567 0.0373 0.287 
SBO 0.573ab 0.657 0.943 0.743 
2.5 RBW 0.320a 0.273 0.307 0.670 
10 RBW 1.29by 0.327x 0.783xy 0.777xy 
RBW/LS 0.443ab 0.160 0.500 0.450 
a-cDifferent letters within columns indicate significant 
differences (P < 0.05). 
S.E.M. = 0.225 
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Table P. Mean sensory firmness of frankfurters for each treatment at 
each sensory time point.  
Day 42 Day 56 Day 70 Day 84 
PF 3.63ax 3.61ax 4.74axy 5.99ay 
SBO 8.84bcy 6.61bx 10.18by 9.33bcy 
2.5 RBW 9.44by 7.48bx 9.14bxy 9.80cy 
10 RBW 7.14bcx 7.99bxy 8.77bxy 9.72cy 
RBW/LS 6.35cx 6.63bx 8.76by 6.96abx 
a-cDifferent letters within columns indicate significant 
differences (P < 0.05). 
S.E.M. = 0.6087 
 
Table Q. Mean sensory chewiness of frankfurters for each treatment at 
each sensory time point.  
Day 42 Day 56 Day 70 Day 84 
PF 3.58axy 3.22ax 4.51axy 5.17ay 
SBO 8.26bcy 6.28bx 8.81by 8.47bcy 
2.5 RBW 8.94bcdy 7.09bx 8.36bxy 8.88cy 
10 RBW 6.71dcex 7.18bxy 8.02bxy 8.59bcy 
RBW/LS 5.87dex 6.50bxy 7.58by 6.71abxy 
a-cDifferent letters within columns indicate significant 
differences (P < 0.05). 
S.E.M. = 0.506 
 
Table R. Mean sensory mouth-coating of frankfurters for each 
treatment at each sensory time point.  
Day 42 Day 56 Day 70 Day 84 
PF 0.163 0.193 0.153 0.170 
SBO 0.113 0.150 0.143 0.103 
2.5 RBW 0.127 0.0867 0.267 0.157 
10 RBW 0.157 0.0933 0.217 0.133 
RBW/LS 0.237 0.0900 0.200 0.137 
a-cDifferent letters within columns indicate significant 
differences (P < 0.05). 
S.E.M. = 0.045 
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Table S. Mean sensory evaluation of external lightness of frankfurters 
for each treatment at each sensory time point.  
Day 42 Day 56 Day 70 Day 84 
PF 12.90c 12.75b 12.75b 12.10b 
SBO 9.33b 6.42a 8.06ab 6.49a 
2.5 RBW 7.17ab 6.02a 5.07a 4.65a 
10 RBW 4.21a 6.82a 6.48a 6.47a 
RBW/LS 7.09ab 7.75a 7.48a 8.89ab 
a-cDifferent letters within columns indicate significant 
differences (P < 0.05). 
S.E.M. = 1.06 
 
Table T. Mean sensory evaluation of internal lightness of frankfurters 
for each treatment at each sensory time point.  
Day 42 Day 56 Day 70 Day 84 
PF 12.57b 12.49b 12.03b 12.20b 
SBO 4.98a 6.31a 6.32a 5.42a 
2.5 RBW 4.00a 3.83a 3.74a 4.24a 
10 RBW 5.83a 5.16a 6.40a 5.97a 
RBW/LS 8.12ab 6.73a 6.56a 8.21ab 
a-cDifferent letters within columns indicate significant 
differences (P < 0.05). 
S.E.M. = 1.13 
 
Table U. Mean sensory evaluation of internal pinkness of frankfurters 
for each treatment at each sensory time point.  
Day 42 Day 56 Day 70 Day 84 
PF 12.83b 12.66b 12.33b 12.45b 
SBO 5.60a 6.92a 6.74a 5.94a 
2.5 RBW 3.89a 5.07a 4.50a 4.72a 
10 RBW 5.29a 5.50a 6.69a 6.22a 
RBW/LS 8.37ab 7.43a 7.15a 8.28ab 
a-cDifferent letters within columns indicate significant 
differences (P < 0.05). 
S.E.M. = 1.09 
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APPENDIX B 
SENSORY EVALUATION SCORESHEETS 
 
SENSORY EVALUATION OF FRANKFURTERS 
 
 
 
Date______________       Panelist___________ 
 
 
 
Cured Frank Aroma 
 
________________________________________________________________________ 
None                                                       Intense 
 
 
 
Texture 
 
________________________________________________________________________ 
Soft                          Firm 
 
 
 
Chewiness 
 
________________________________________________________________________ 
Not Chewy                     Chewy 
 
 
 
Cured Frank Flavor 
 
_______________________________________________________________________ 
None                                Intense 
 
 
 
Off-flavor 
 
_______________________________________________________________________ 
None                                Intense 
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COLOR EVALUATION OF FRANKFURTERS 
 
 
 
Date______________       Panelist___________ 
 
 
 
Internal Color Pink Intensity 
  
________________________________________________________________________ 
Less pink                                      More pink 
 
 
 
Internal Color Lightness 
 
________________________________________________________________________ 
Dark                         Light 
 
 
 
External Color Lightness 
 
________________________________________________________________________ 
Dark                         Light 
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APPENDIX C 
INSTITUTIONAL REVIEW BOARD APPROVAL 
 
